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AN EXPERIMENTAL STUDY OF THE TRANSMISSION 
OF HEAT IN A VACUUM EVAPORATOR. 
INTRODUCTIO r. 
Prel' · 
this b im~na1·y.~Before taking up the experiments recorded in 
be ulletin a d1scussion of the general principles concerned will 
llla;a~e. It should be understood therefore that statements 
res ~ 111 the introduction are general in their nature and that 
in.tu t~ of the experiments are not included. In other words, the 
ention i , t . . 
ed s o give a brief statement of the present state of knowl-ge re{)' a· lead e.ar mg evaporation in vacuum evaporators in order to 
1,~P to the reasons for making the experiments. 
gen i~ Evapcrration of Liqiiids in V acuum.-The method most 
<leli:ra Y employed for evaporating quantitie of liquids is to 
<\ne s~~ heat to the liquid by means of steam, the liquid_ being on 
heat . e of the tube walls and the steam on the other side. The 
in thin the steam is transmitted through the tube wall, re ulting 
of th: form_afion of vapor from the juice and the condensation . 
gene 1he
ating steam. Evaporators may be classed under two 
typer~ ·~eads, viz., steam tube and juice tube, the steam tube 
tub t aving steam on the inside of the tubes, while the juice 
tub: t YPe has juice on the inside of the tubes. In the steam 
hand Ype the tubes are generally horizontal, while, on the other th . . 
t''P '. e Juice tube type generally has vertical tubes. The latter 
.Je1sge . <ila~ .fi nerally known as "standard." Another important 
oo!!l Cat" 
the . . ion of evaporators is with reference to . the depth of %us~1_11ce. or 0th.er liquor upon the heating surface. If the tubes 
itutmg th h · · f d · h · · othe l' . e eatmg sur ace are submerge m t e Juice or 
€Vapr iquid then we have the "submerged tube" or "bulk" 
laye orator, whereas i.f the juice or other liquid exists in thin 
Stillrs or films upon the tubes we have the ''film'' evaporator. 
Vessetnother classification is with reference to the number of 
lllissios. In a single effect or evaporator there is only one trans-
'°l' ev 
11 
of heat from steam to boilin_g liquid. In a double effect 
in th aporator there are two transmissions of the heat supplied 
e steam, the steam entering the first body being condensed, 
4 
the latent h at thu. Ii.berated being transmitted to the liquid on 
the other side, causing the formation of vapor; this vapor in 
turn is transferred by means of pipes to a second body like tM 
first where the vapor is condensed, the latent heat transmitted to 
li quid and vapor formed, the proces in the second body being 
exactly similar to that in the first. It should be noted that the 
heat tran.-mitted througl1 th e tube wall in the two bodies 
is thiit suppli d to the first body though the veliicle (stealll 
or vapor) is different in the two bodies. In order that 
heat may be transmitted from one side of the tube wall to the 
other it is nece sary . that ther shall be a fall of tcmpcratu~ 
from tlie ente l'ing to the leaving side. This will be terllle. 
' 'temperature fall '' in what follows. This temperature fall ill 
provideq by so arranging the different bodies as to have differing 
pressures, or, what is the ame thing relatively, different vacuUJllS 
in the ·bodies. The vapor formed in the last body is drawn intol 
. e 
a conden er under high vacuum and there condensed. A tr1P 
effect is an evaporator with three bodies, the same series of tran~ 
formations and heat transfers taking place as that describe t 
above for a double effect except that there is an additional hea 
'ta& transfer. So far , the quadruple eff ct seems to be the . ~i rn1 l 
regards number of vessels used in general practice: F1gur~ 
shows diagramatically a triple effect. Steam ente1;s through .; 
steam pipe A at the left hand, the latent heat from which, \\11 11 the exception of that lo t by radiation, pasE;es successively throu~e 
the tube wall of th e three bodies and out in the vapor £ro1l'.l t ts 
last body, through tbe pipe X to the condenser. The juice ente g 
th e first body through the pipe and after remaining there .1°~1 enough to part with ·a portion of its water passes successiV'e ii 
to the other bodies, in each of which a portion of the wate~ast 
removed. The . concentrated . liquor is removed frorn the 
body by means of a pump. ~! .. lf 
The temperature fall .in each of the bodies depends ¢. 
upon the resistance of heat flow, and this may vary in the 6 ferent bodies-in fact, such is generally the case, the resistan;)' 
and therefore temperature fall being greatest in the last b0 . 
and . least in the first body. The reasons for this will be d: 
cussed later . Referring to the triple effect (Figure 1) let t. 
assume the pre sure in the calandria (steam space) of the fir& 
'5 
b(Jdv to b 5 . d 
· e pounds gage (corre ponding to 228° Fahr.) an 
the vac · d 
. uum m the vapor pace of the la t body 26" ( correspon -~~ to 126° Fahr.). This gives a total temperature fall in the 
riple effect of 228° -126° = 102°. If the temperature fall is 
lthoe same in each of the
 three bodies there will be a fall of 20 . . 
-;- = 34° per body. W:ith thi condition p~·evailing, the tem-
Perature of b ·1· . 
i"}. l 01 mg m the first body would be 22 ° - 34°= 194°, 
., i1c 1 w Jd 
se ou · al o be the temperature in the ca1andria of the 
con.d bod · o ) In l' . Y, correspondmg to a vacuum of 9.3" (barometer 3 " . 
'W t e rnann er the temperature of boiling in the second body 
:u d .be 160° and the vacuum 20.4". The temperatures and 
in ct~llni.s as calculated for equal t emperature falls ~re written 
th e upper part of the vapor spaces in Figure 1. In practice ho~ temp~ra~ure f~ll , as stated above, increases from. b~dy to 
th · Y, ~eginnmg with the :first body. The r eason for this is that th~sr r 1' t~n.ce fo heat· transmi sion increase from bo.dy to body, 
tit' equir1ng gr.eater head in order to cause the flow of quan-
it le~ of heat equal to those in preceding bodies. Upon thought 
tubwiU be clear that, considering the heat passing through the 
tlnde '~alls only and aside from that which enters with the juice 
ni With th.e condensate from previous bodies,' equal quantities 
b ~~t of necessity pass through the heating surface of the three 
a 
0 
dies. Among the causes of increased re istance to heat flow, 
en therefore greater temperature fall in the latter bodies of an 
t::t:ra:or, are increased density of juice, greater fouling of 
th 1 ating surface
, and a larger amount of air (due to leakage) , 
811 e f atter re ul ting in non-'Conducting layers of air
 next to tlw 
f r ace of the tubes. The relative temperature 'falls in the dif-
erent bod· · · h 
0 
1 s of a triple· effect vary greatly m practice, thoug 
2 ~~ ~uthor~t~ ~tate that the average :i probably ~omething li.ke 
'" 1· 
5
· DlVldmg the 102° total fall, given above, rn these ratios 
on d · 
first give temperature fall of 20.~ 0 , 30.6°, and 51° in the 
th ' second, and third bodies re pectively. With these falls, l?~ oteniperature of boiling in the three bodie would be 207.6°, 
re 'and 126°, corresponding to vacuums of 2.6", 15.7", and 26" 
spectiv 1 r • • f h 
'\>'a e Y. l'h ese :figures are placed m the lo"·er part o t e 
Por spaces in Figure 1. · 
. V'A C.8.J ' 
7EMA 194 " 
ABS.PRE J. i!J?f 
6 
VAC 2 0.!S' " 
T E M P./60• 
A85. PRES. 9."5 
VA'C / .F7" 
TEMP 177• 
A85.PRE~. /4. 'J• 
c---
. · rW~ F IGURE 1. Diagrn m of a tri p! eva pora tor. · '.l.'h upper group o era· 
shows th temperature and vacuum in ea.ch body w i t h equa l falls or tfWs of 
tu re i n the three bod ies w h i le th e l ower group shows t he same for a eaJll 
t emper atu r e ln the firs t , second, andthi rd bod ies in t he r atios 2 : 3 : 5, st tne 
pressur i n fi r st calandria and vacuum in l as t body being the sam e 111 
two groups. 
The principal factors generally held to ll:ffect the trans· 
mission of heat in evaporation may be stated as follows: 
1. Difference between the temperatures of 'the heating steaJ'll 
and of the boiling liquid. (Temperature fall.) 
2. Depth of the liquor upon the heating surface. 
3. Thickness and material of the heating tubes. 
4. Cleanliness of the heating tube.s. 
5. Velocity of circulation of the boiling liquid. 
6. Velocity of the steam against the heating surface. 
7. Density of the boiling liquid. . the 
8. The presence of air or other incondensible gases with 
steam in the calandria. . ·de 
9. Accumulation of water of condensation on the steam 81 
of the heating surface. 
10. Exhaust steam and live steam. 
Each of these factors will now be considered, but before doing 
so it will be well to determine upon a unit for measuring t~e 
:cate of heat transmission. The unit most commonly used 1: 
"B. T. U. transmitted per square foot of heating surface .~:s 
hour for each degree difference of temperature of the two 91 
of the heating surface." This unit is conveniently called "co· 
efficient of heat transmission' ' and will be used in this bulletin· 
7 
e T~rnpe1·atiire Fall.~The temperature fall-that is, the differ-
f nee in temperatures on the opposite sides of the heating sur-
t ace-may be increased in two ways, viz., (1) by increasing the 
e:rnperature of the heating steam-that is, by increasing its ~ressure-or (2) by decreasing the boiling temperature of the 
eated liquid-that is, by decreasing the pressure, or, what is the 
same th' · 
mg, by increasing the vacuum. Suppose the steam pres-~ur~ in the examples given above in connection with Figure 1 
0; ~creased to 10. pounds gage, corresponding to a temperature 
11 0 
400
· The total temperature fall will be 240° -126° = 
fl 4 ' as against 102° with a pressure of 5 pounds gage in the 
.5 rst body. The average 
fall per body would thus be 34° with 
/
0
unds pressure and 38° with 10 pounds pressure, an increase 
0 11.73, 
th By incr~asing the vacuum in the last body from 2611 to 27" 
t e temperature in the last body would be reduced from 126° 
t 
0 
115°, so that with 5 pounds pressure in the first body the 
total fall would be 228-115=113°,_:_that is, an increase in 
2~~Perature fall of 10.8 %, due to increasing the vacuum from 
to 27". The total transmission of heat is theoretically di-
rectly p .. h h · t' th· . roport10nal to the temperature fall, t oug m prac ice 
t ~s is not the case fo.r the reason that it is not possible to main-~in other conditions constant when the temperature fall is 
fc anged. 'rheoretically a
lso the same chan!!'.e in temperature 
all . ' ' ~ 
' due either to increasing the temperature in the :first body 
or to d · · h ld · ecreasmg the temperature m the last body, s ou give 
equal ch · · h h h' · f anges in heat transmission and capacity, t oug t is is e~~d not to be the case in practice and for similar reasons. It is 
.
1 
ent that the temperature fall in each body of a double effect 
Wiffll be greater than that in a triple effect and greater in a triple 
e ect th · f 
t an in a quadruple effect a
nd so on. There ore evapora-
ors · ' 
. "Wlth a small number of bodies will transmit more heat per ~it area of heating surface in unit time than will one with a 
arger number of bodies other conditions being equal. If too 
lllUch h t b 
1 
' • • 
• b l 't' 
ea e transmitted per unit area m urnt time e u i ion 
:may, under certain conditions be so violent as to cause entrain-
ment Th· · ' · I t h . · is is evi iently least likely to occur wit 1 evapora ors 
aving the maximum number of bodies, for which reason it is 
8 
possible to carry high er steam pressures in the first body and 
higher vacuums in the last bodY. of triple and quadruple e~ects 
than in double or single effects. 
Depth of Liq1wr Upon the H eating Siwface.-Operating all 
evaporator n·ith a high head of juice is detrimental to heat trans-
mission, and therefore to capacity, because it reduces the teD1per· 
ature fall _in ach boay. This is due to the fact that the average 
temperatme of the boiling juice is. ·increased because of the 
increased pressure due to the weight of the liquid. Referring 
again tO Figure 1, ·it should be noted that the temperatures and 
pressur s noted apply to the vapor spaces only. The theoretical 
average boiling pres ur s and ternpernturcs, as affected hy 11yd ro: 
static head) may be calculated provided the distance H and tbe 
density of the juice are known. Let us ass~e H to. be 48" and 
the density of the juice in the three "bodies to be .957, 1.004, 
and 1.116 respectively. In the first body a particle of water at 
the surface will be converted into steam under a pressure of 
27.4" of mercury, while a particle at the lo~ver end . of the tubeS 
will be formed into vapor under the same pressure plus that 
due to the weight -of the column of liquor above it. The average 
pressure of boiling will therefore be that in the vapor space 
plu· the pre ure due to half the column of liquor-that is, 24''· 
The weight of a cubic inch of liquor with density .957 is .035 lb. 
and the pres ure per sq. in. due to 24" head is .035 X 24 = .83 lb· 
per sq. in. , or . 3+.49=1.69" mercury. Tho average pressur~ 
on the juice in th e first body is therefore 27.4" + 1.69" = 29.09'· 
and the corr sponding temperature is 210.5°. Thus the tbeoret· 
ical efficient "temperature fall in the first body, after correcting 
for the effect of hydrostatic h ad, is 228° - 210.5° = 17.5°. 1:. 
the ame manner the fficient temperature fall in the second an 
third" bodi is calculated tci be 25.6° and 36° respectively, makin~ 
a total effici nt fall in the three bodies of 17.5° + 25.6° + 36 
= 9 .1 °, whereas the total drop with zero juice head would haV'e 
. been 22 ° - 126° = 102°. The theoretical loss in temperature 
fall due to hydro tatic head is therefore 13.6 ri, or an aver~~ 
of 4.63° in each ves el. Inspection of the above figures "'1 
show that. this io s is greater in the last body, where the pressure 
is lower, than in pr ceding vessels. In practice the loss due t~ 
juice h al may be prevented or reduced by design and by caref_u 
operar t , ion. One of the advantages of the horizontal steam tube 
Ype is that the horizontal area of the J'uice-containing compart-ltlent · . · 
'l'h 18 r.elatively large, making it possible to carry small heads. 
er · h' e. is a number of film evaporators on the market, all of ~· Ich Work with practically zero juice heads. As regards oper-
:. ion, ~ tis well known that carrying the juice very high (boiling 
igb) is detrimental to he'at transmi ion and facilitates entrain-
: ent as well. It is not nece sary to have the juice level above 
l e tubes in order to pre
vent burning of the sugar-in fact, the 
e\rcl c b harin. an . e kept at half the height of the tubes, or lower, without 
of : ensity of the Juice.-It is well known that the coefficient 
l'at eat transmission is less in the last body of a multiple evapo-
liq or t~1an in preceding bodies. The increased density of the 
theU~· .1s. Partly responsible for this. One reason for this is that 
are h~lhng temperatures for solutions ~ontaining so~~ matter 
th g~er than for pure water. Consider the conditions for 
e tr1pl · ju· e evapora tor given above under the head of 
abice head where the densities in the three bodies would be 
th~~ ~~' 25, and 50 Brix respectively. According to Gerlach, 
Ph 01hng temperatures itt these three densities in the atmos-
th erbe ~v.ould be 212.8°, 213.45°, and 215.6° respectively-that is, 
e oi ling · 
· Pu . pomts are .8°, 1.45°, and 3.6° higher than that for 
ab re water. 'rbis diff rence d
oe not apply to the vap9r space 
. OVe th li . . 
atu e quid, the temperature there being the boiling temper-
th· r~ of water corresponding to the pressure. The result of 
ls incre d . . . 
at ase temperature of bo1hn
g is to decrease the temper-
ure fall . bet in each body by an amount equal to the difference 
at ~~en the boiling temperature of the liquid and that of water 
abo same pressure. 'l'he figures-. 0 , 1.45°, and 3.6° -giyen 
1 o v"e for atmospheric pressures would 
be changed to about 
hod·:::·
50
' and 5° to corre ·pond to th pre !>ure in the three 
in t~~ 0~ the triple. This give a total lo in temperature fall 
fall e stnpl~ of 8.5°, which is about .% of the total temperature . 
cor ( ce F1gure 1, lower figure ) , and this in turn means a 
· resp di lar on ng loss in capacity. It should be noted also that a 
an:e Part of this loss in temperature fall is in the last body 
l'e ~hat this accounts in part for the increa ed temperature fall 
qun·ed in that body as compared with preceding bodies. It is 
10 
not improbable that the entrance of heat from the wall of the · 
heating tube into the liquid is offered greater resistance by tb6 
denser liquors and the capacity r educed in this manner also. 
Thiclmess and Material of Tiib es.- The material in rnost 
common use for evaporator tubes is copper, though brass and 
other compositions are used to a small extent. In a very et· 
haustive series of tests made recently Mr. George 0. Orrok found 
that the heat transmi sion through various metals used in sut· 
face condenser tubes was a follows : that for copper being 100; 
admiralty, 98; aluminum lined, 97; aluminwn bronze, 87; cupro-
nickel, 0; tin, 79; Shelby steel, 63. 'l'he admiralty tube :e· 
£erred to is a brass having 70% copper, 29 % zinc, and 1 o/o tinf 
From this it will be seen that the heat transmission qualities 0 
coppee and brass differ but llttle, though that of steel is onl1 
6? o of that for copper. 
'I'h<! thic!;ne s of the tube also affects the heat transrnis">io:i, 
thoufth the irnportance of thickness in this respect depends u~011 
the metnl. Th thickn ess of the metal used in evaporator tul>~ 
is u ually 16 to 20 gage (B. W . G.)-that is, .06511 to .035"-11~ 
b twe n the limits, according to Hausbrand, the differenc,1 111 
heat transmis ion is practically ina:Opreciable, that at 16 gage 
being less than 1 % below that for 20 gage. For iron, hoW(~-v~r. 
th e effect of thickness in decreasing heat transmission is greater, 
13 gage. giving about 8.5% lcs ·heat transmission than 20 gag_e· 
It is evident that old evaporator tubes that are worn. very till~ 
will tran mit more beat than will new and thicker ones, thong 
the difference hould not be great. f 
' Cleanliness of the H eating Tub es.-That accumulations 0 • 
solid matter of any kind upon a tube greatly reduce the bell$ 
tran mi sion is well known. Mr. George 0. Orrok whose e~· 
periment on heat transmission through condenser t~bes has al· 
r ady been mentioned, found that a badly corroded adroiraltY 
tube gave a transmi sion coefficient of only 55, that for ~opper 
being 100. orrosion, oX:idation, vulcanizing, pitting, he statesf 
all have a mark d effect upon beat transfer. The fouling 0 
tubes in sugar juice evaporators is of two kinds-viz., that ~n 
the juice side and that on the steam side. The former is t e 
re ult of organic matter in th juice and d pend · upon the cJar· 
iflcation and upon th nature and purity of the juice. 'rhe l a~ter 
11 
is Produced mainly by the action of the oil carried over in th
e 
~;h~ust steam from the engines. If a good quality of cylinder 
t 
1 is u~ed for lubricating the engine cylirlders there is little 
rouble in this respect though if the oil is of poor quality and 
. 
~aponifi es under the a~tion .of the heat in the steam, scale will . 
~rm: The accumulation on the juice side is removed by means 
of acids and caustic soda and this requires frequent interruption
s 
0
. operation: The cleaning of the steam side of the tubes, espe-~lally in standard evaporators, is very difficult on account of 
inaccessibility. 
l7 elocity of 'Juice Circiilatio1-t.-Submerged tube evaporators 
are very . ·1 
a d s1m1 ar to surface condensers in that both evaporator
s 
8~ surface· condensers have metal tubes on one side of which 
1. ea~ is condensed and on the other side of which . there is a iquid h" d w ich absorbs the heat liberated in the process of con-
wensation. In the · surface condenser this liquid is the coolin
g 
thater, Whereas in the evaporator it is juice. It is well established 
i at within reasonable limits the higher the velocity of the coo
l-
ng Water in the surface condenser or of the juice in the evapo-~ator the greater the coefficient of heat transmission. Accord-ing to . 
effi . experiments by Orrok on surface condensers, the co-
cicn t of heat transmission varies as the square root of the
 
Water velocity. In other ·words if the water velocity were qu~drupled the coefficient of heat transmission would be doubled, ~n so on. Surface condensers and evaporators, however, differ ~n the means by which the velocity of the liquid is produced. 
n the condenser the water is forced through the tubes by
 
~~ d 1 e, an the velocity of flo w can be regulated by proper y 
Prop r b or ioning the length and transverse area of the tubes; als
o 
a~ the number of pas es. It is therefore possible to exercise 
d solute control of the velocity of circulatio11 in surface con-
1.en~ers. In standard evaporators however, the velocity of the iqu1d · d ' · fl 
of . is ue to the currents set up by convect10n and the o
w 
l . liberated vapors-that is
 by the action of heat. When the 
iquid · h ' · · d th . Is eated an upward current is produced and m or e
r 
fl at . circulation may be established other liquid at the top must 
0
': downward to give place for that which rises due to the 
action · f h 
. 
of b 0 . t e heat. The longer a tube is the greater the quanti
ty 
eat it will supply per unit of transverse tube area, ancl 
12 
th erefore the greater the v locity of liquid that will be produced 
in the tube. In t1rn same way for a given length of tube, the 
mailer its diam eter, the greater the area of heating surface 
per unit· of transver area of tube. This means more evap· 
oration per unit of transverse tu be area and therefore greater 
liquid velocity in it. In general, the cir culation in evaporato~ 
is upward where the temperature is highest and downwar 
wher the temperature i lowest . . By observing these principles, 
the de igner may control in part, the velocity of the liquid circu· 
lation. One of the mo t common devices is to place a large tube 
at the ent r r other portion of a vertical tube evaporator. 
'fhi facilitates circulation, to an extent, due to its being at th9 
cool portion of the mass and because it teduces the resistance to 
dmvnward flow, both .of w11ich tend to increase the velocity and 
to define the path of circulation. Another method used for fa· 
cilitating circulation is to incline the tubes in the manner of 
water tube boilers, thus defining the path ~nd direction of th9 
jui e fl.ow. In general it would seem that the standard type of 
. 
. 8 
evaporator ha. the advantage of the horizontal steam tube tYP 
in the matter of circulation. The former ha a well defined path 
of circulation whereas the latter has not, being similar to th8 
horizontal tubular boiler in thi. respect. On the other hand, thB 
very hiO'h velo ·ity in the standard evaporator may increase th8 
entrainment lo · , especially if forced too hard. 
'J;h advantage in having a high juice velocity is in the grea~ 
er number of renewals of contact .between liquid particles. a ll 
metals, also in the fact that hi gh velocity aids in keeping the 
heating surface free from deposits. So far as the writer l~noW~ 
there is no data in existenc r garding the actual veloc1t~ ~ 
cir ulation in evaporator tube , though such data is pl ent 1f 
as r gard smfa e coudens rs. Old · styl e surface condenser9 
were de igned for an average v lo ity of about 1.5 feet per sec· 
oncl, though in modern eondens rs as used for high vacuurn th9 
velo ·ity is i~rnde a high a 4 feet per second or more. 
'I'he nature of the liquid also affects the velocity of circu· 
lation. Jui. ·e from frozen cane furnishes an instance, the circu· 
lation being very sluggish and th boiling very slow. 
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. Air and Other Incondensible Gas s in the Steam.-Th lower-~ng of heat transmission in the latter bodies of a: multiple, due 
0 
the density of the J'uice bas already been mentioned. Another c . , . 
t:use contributing to low beat transmission in the last body i
s 
Ofc ~re~ence. of air or other non-condensible ga es in the. steam. 
ouxse air or other ga s will have the same detrunental 
tffect in th earli r bodies as in the last body if present but th
e 
llst body which has the great r vacuum in it naturally causes
 
a greater air leakage than in the preceding bodies. This leakage
 
Passes in through imp rfect joints, also through pores of the 
~etal , esp cially of ca. tings. The infiltration in the latter way 
1~ Probably more t11an is generally · uppo ed, though it can be 
lcduced b · · · f · 
· 
d . . Y pamtrng th
e ca tmg. The presence o. any rncon-
~mb~ · · 
l. gas m the 
steam compartment of an evaporator even m 
sight qu t' . . . 
'I'h an 1t1es, has tbe effect of r educing heat transm1ss10n
. 
h e. condensation of steam taking place upon the wall of th
e 
theahn g surface, 
pi:oduce vacuum at that po.int, the ·result being 
at th · 
· e inconden. ible gases are drawn thereto where they form 
: no~-hcat-conducting layer. The research committee of the 
ll'lorican Society of Mechanical Engineers recently stated as a 
result of a re earch of the literature on the subJ' ect, that unde
r 
Ord ' 
. tnary surface condenser conditions with no air present, the ~effici en t of heat transmission i in the neighborhood of 1500 
F' . T. · per sq. ft. of beating surface per degree difference ct·a~n-. Per hour, but that with ordinary urface condenser con-
t .itions and with th 
quantities of air usually existing in prac- . 
ice th · 
' e coefficient is in the neighborhood of 500. Thus a very 
g;eat decrease in heat transmis ion is attributed to the presenc
e 
~· srnaU quantiti e of air. Evaporator expose surfaces much 
rger and with more joints ubj ct to leakage than do surface 
condense J • · th'
 
l . rs, ience there is greater difficulty m preventmg i
s 
oss 1n th · · f h c em. The effective removal of the air rom t e steam 
c ompartm nt is a matt r of considerable importance, the suc
-
t~ss of Which has much to do with capacity. Air is heavier 
of an steam, hence it will settle to the bottom of the steam spac
e 
f an evaporator, though tbe agitation incident to the entrance
 
~ t~e steam against the tubes tends to interfere with this stra'ti-
\r?;tion of the air at the bottom, unle special means are pro-
} ed. It should be remembered, however, that there is likely 
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to be space in every evaporator where this agitation is absent 
and the air will collect there. Then, too, it will collect where 
lt is driven by the current of steam. For example, in standard 
evaporators with the stearri. entering at one side, the air is driven 
to the opposite side and in an horizontal steam tube evaporator 
the air is driven through the tubes and collects in the stea!'.ll 
compartment opposite the steam entrance,. 
The condensate pump (sweet water pump) being connected 
to the bottom of the calandria may remove air as well as water. 
In addition to the air, · however, there are other incondensible 
gases lighter than steam, such as ammonia which will accumll· 
late in the top portion of the calandria and which must be 
vented therefrom. Sometimes the vent is connected to the sue· 
ceeding body though a better way is to vent directly to the con· 
denser. 
Velocity of Stearn Upon the H eating Surface.-High ve· 
locity of the hot gases is known to increase the heat transmission 
coefficient in steam boilers. and doubtless the same is true of 
hot steam in evaporators. The generally accepted reason for 
this is that there is a dead non-conducting film of gas adjacent 
to the heating surface and that high velocity of the heating gaS 
disrupts this layer, thus baring the surface. In the standard 
(vertical) type of evaporators as usually built there is prac· 
tically no opportunity for controlling the steam velocity and it 
is u ually very small. In some few designs attempts have been 
made to incr ase the velocity by means of baffles within the 
t'ubular cluster though such attempts have not resulted in anY 
very permanent effect upon design. Steam tube evaporators 
hav the advantage in this respect as it is possible to design for · 
desir d steam velocities by properly proportioning the diameter 
and length of the heating tube. 
Attention has already been called to the leakage and pres· 
ence of air, especially in the latter bodies of multiple evapora.· 
t'ors, and to the loss in heat transmis ion due thereto. A high 
velo ity of heating steam or vapor should, it would seem, be 
beneficial in overcoming this. 
Presence of Water Upon the Heating Sitrface.-The heating 
steam i ondens d upon the heating surface of an evaporator 
and the manner of conducting it away, also the length of time 
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it rem.a· . 
if ins, affe ts the heat transmi sion. It is well known that
 
Water is 11 . 
co·i a owed to collec t m the lower ends of vacuum pa
n 
1 s the c · · ·11 als b apamty JS greatly reduced. Evaporator tubes wi 
co od e less effective if their surfaces are flooded with water o
f 
hen ensation. For this reason it is important that the wa
ter 
removed f h 1 . 
orat . rom t e ower tube plate of a vertical tube eva
p-
the ~r with such rapidity as will prevent the submergence of 
this ower e~ds of the tubes. Very long tubes in evaporators o.f 
the type will be at a disadvantage in this respect since all 
of 
condens t" 1 end a ion must run down the tube, making the ow
er 
flood~! the tube~ less effecti;:e on account of ~he .greater . wa~er 
ste d g. C rtam makes of evaporators have mchned tubes m-
thua of vertical tubes, th e claim being made that this loss 
is 
th 8 greatly decreased for the r eason that the water runs down 
e under ·a 
a. lll 1 
si e of the tube in attenuated form, hence covering 
Pro;c 1 smaller portion of the surface of the tube. For th
is 
hav pbt removal of the water various devices and arrangemen
ts 
the e een _used in practice. Among these may be mention
ed 
the duse. of inclined calandrias and inclined tube plates, placin
g 
ralu · 
orat . pipe near the center of the tube plate of vertical eva
p-
;r~ instead of at the circumference, etc. 
engin: :u~t Steam and Live Steam.-Exhaust steam from the 
th<> !hnder of a sugar factory is used in the evaporato
rs 
· Ugh hve t · f e.Jtha s eam sometimes has to be used when the supply o 
the l~st steam is insufficient for boiling purposes. In such cases 
Pres ive steam is brou"'ht directly from the boiler under hig
h 
. sure and .. down ' expanded through a pressure regulatmg valv
e 
result t? the pressure in the calandria of the first body. Th
is 
to ev s in superheating the steam. The exhaust steam suppl
ied 
clairn ~orators usually contains considerable moisture. . It is 
'Yith e h by some that an evaporator will give greater capacity 
to th:: aust steam than with live steam. The question reduc
es 
superh of the relative' heat tran mi sion with m~ist and mth 
has no:~ed steam. It may be stated, however, that opinion 
to tli een sufficiently cry tallized to justify a conclusion as 
l:r e real rnerits in the matter. · 
.L!,nfrai · 
transro· _n1nent.-CJosely connected with the subject of heat 
18810
n and capacity in evaporator is that of entrainment, 
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that is, loss of sugar carried over from the boiling liquid in the 
vapors.. For a given evaporator the higher the capacity, that 
js, the more it is fo rced, th greater the danger of entrain· 
ment. The height of vapor space, the length of the heatillB 
tubes (vertical ) the depth of the juice, the vacuum carried, 
th velo ity of the vapors between the boiling surface and the 
vapor pi1)e, also the type of separator or catchall betweell 
bodies arc other factors whi h .may affect entrainment,. or the 
lo due to entrainment. 
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OBJECT OF TIIE EXPERIMENTS. 
The foregoing pages have been devoted to a general su:z 
marizing of the principles involved in th e evaporation of JiqUI 
in vacuum. The experiments her in r corded were made ~ 
th e purpose of obtaining accurate data relative to the gene. 
sul j ct of evaporation, with especial r egard to heat transmissioll 
and second~rily to 1?-trainment. 
SCOPE OF THE EXPERIMENTS. 
The w9rk was planned to include experimental investigatio~ 
of all the different variables discus ed in a more or les gencr~y 
manner in th pr c ding pag s and which may be more definite 
stated as follows: 
l. Tli effe t of hydrostatic head- that is, height of boiling ........ 
upon heat transmission arid capacity, r 
. . w 2. The value of downtakes in the standard type of evapor~tY· 
as regard their effect upon b at transmission and capacl 
z 
• 
Vacuum G°.90 
T 
L 
FTGTTRE 3. 
Q 
y 
Wof•,. '".J•c.li•n fd 
co,.frol ,,..,,1111,.• '" 
.Jf•o,.,. 
y 
Genc>ro.l arrangl·mc·nt of thf' Exp rinwntnl Single Evapora
tor us<'d 
In lh<' trHts. 
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3
· The effect of length and diameter of tubes in the standard 
type of evaporator upon heat trans.mis ion. 4
· Heat transmission as a1iected by varying the vacuum on the 
, juice side and the pressure on the. steam side. 5
· 'lhe coefficient of heat transmission as affected by tempera-
ture levels-in other words the variation in the heat transJ 
. . . ' 
. 
rnitted with equal temperature falls at varying initial 
temperatures. 6
· The effect upon the transmission coefficient due to the pres- . 
ence of air in the steam compartment. 7
· The effect of · density of juice upon the coefficient of heat 
transmission. 
·8. s 
aturated, moist, and superheated steam and their effect 
upon the coefficient of heat tran mission. 9
· Radiation from cast iron surfaces both with and without 
lO. non-conducting coverings. . 
Bntrainmeut as affected by length and diameter of tubes. ~~ : Entrainment as affected by rate of boiling. · 
13. ~ntrainment as affected by height of boiling. 
ntrainment as affected by vacuum and velocity of vapors in 
14. the vapor space. 
15. ~ntrainment as affected by density of juice. ~e relative efficiency of different types of separators used 
in intercepting the sugar juice in the vapor pipes ieaving 
th~ last body; also the pressure drop in the same due to 
friction. 
SCHEME OF THE TESTS. 
Pro~~ order to secure the data required for investigating the 
in. Wb 'rnls nam d above it was neces ary to provide an apparatus ic i CO d ' . an. ap n itions could be thoroughly controlled. With such bei~g taratus one condition at a time could be varied, all others 
be iso} ept constant. In this way .the effect of one variable could 
efi'ect tted and studied. As is well Jrp.own, a trlple or a double 
tion. th s more. complicated and more difficult of control in opera-
to use an. a single effect, anrl for thi rea on it was thought best 
so that\Enngle effect for the experiment , but to bave it arranged 
oth the pressure of the steam supplied and the vacuum 
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in the vapor space could be thoroughly controlled and rna~e 
any desired and predetermined amount. In this way the condi· 
tions, as regards steam pre sure, vacuum, den::;ity of juice, etc., 
of either body of a multiple effect could be reproduced. 
APP ARA 'l'US SED IN THE EXPERIME TS. 
Figure 3 shows the arrangement of the outfit used in the 
cxperjments. The evaporator i of the vertical tube type (stand· 
ard ), the inside diameter being 20". It is supported by brackets 
cast on the liquor belt .1bove the tube cell or calandria. Witb 
this manner of support it was possible to change calandriaB 
conveniently. Figures 4, 5, 6, and 7 show the three different 
calandrias and four different arrangements o~ the evaporator 
itself used in making the tests. This evaporator and its acceSSo'" 
ries was de igned especially for this work under the directioll 
of the writer. The evaporator itself was built by the MurphY 
Iron ·works, New Orleans, Louisiana.· By reference to the iUUS-
trations- Figures 3 to 7 inclusive-it will be seen that ~hree 
different calandrias were used with the outfit. One of these hsB 
tubes 1%. inches in diameter and 24 inches long, without a do¢· 
take; another has tub s of the same dimensions, but with a do¢~ 
take, and the third has tub s 2" diameter and 48" long, with011 ~ downtake. The tubes in each of these calandrias are o'f coPPet 
nd 18 gauge (B. W. G.) Some of the tests at the begin~i~ 
were made with arrangement A, Figure 4, but it · was deci~ h 
that the height of the vapor space was insufficient, for wh10 
reason it was changed to that shown in Figure 5 by the additioll 
of a section three feet long above the original liquor belt. J3Y 
refer n e to FiO'ures 6 and 7 it will be seen that the height of the 
vapor space i the same in all of the combinations with the ej~ 
ception of that in Figure 4. Juice enters the evaporator thr011gd 
the 1%" pipe A, the weight of the juice being first deterrnine 
by mean of the calibrated tanks · B. The valve C is used; 
regulate the juice supply and the valve D is used to empty d 
evaporator of juice or wash water. The gage glass E is pr?vid1e. in order that the level of the juice may be observed convenient [ 
Originally the intention was to supply a pump with which~ 
remove the yrup from the evaporator in the manner usua 
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€lllploy d · . 
not t ~ in sugar factories. It was finally . decided, however, 
in t 0 remove the syrup during operation, but to supply water 
scad of .. 
'\Vhi h JU~ce to the evaporator at a rate equal to that at 
de c. water is removed by evaporation. In this manner the 
nsity of th · · · d 
could b e Jmce m the charge before foe operation starte 
S e kept constant without the use of a syrup pump. 
th team from the boiler under about 80 lbs. gage enters 
ftn~~gh .t~e. 1Y2" valve F expanding into the 4'' pipe G and 
Pi y dlVidmg and entering the calandria through the two 6
11 
oOf P~s R. The t emperature of the steam is observed by means 
th ie thermometer I. 'rhe t emperature in the bottom and in 
of et~op of the calandria (steam side) were determined by means· 
cal ed t~ermo~eters T and K. The pre sure of the steam in the 
an l'Ia w d . L h" · as etermrned by means of the mercury manometer 
w 1ch 
:1-ei· measures either pressure or vacuum an arrrangement 
"J ng pr ·a ' ing ovi ed for intercepting any condensed steam and keep-
. sarn · 
·spa e out of the mercury. The vacuum in the vapor 
ce was m 
-vac casured by means of an ordinary mercury column 
uum g N 
nioved b age rJ. 'l'he steam conden ed in the calandria was re-
ing b Y means of a wet vacuum pump M, its temperature be-
.stan~ served with the thermometer 0. The two barrels P, 
of th· ng on platform scales, w re used for measuring the weight 
it wa~ ~~ndensate in tho e tests requiring tJ:tis. In other tests 
eb"l't· ischarg d directly to the sewer The vapors due to 
Lt I ion " 
:se:par ¥ere conveyed through a 10" pipe and a catchall or 
ator Q a t• 1 · · f h. h · h · F. 17 
'I'his • sec 10na view o w JC is s own m 11gure . 
trifu seraration of liquid from vapors is brought about by cen-
::Part'gla force, a whirlJng action being imparted to the heavier ices of 1 · . 
'l'h iquid by the spiral at the ent rance to the separator. 
e cond · 
·li'llrfa ensing of the vapors wa effected by means of the 
coolince conden er R containing a total of 150 square fee t of 
tro.ru t~1 surf~ce. ooling water was supplied to the condenser 
-vapor mains of the Baton Rouge water work . The condensed 
s Wer Vacuu removed from the condenser by means of the wet 
for 0~:1 !)l~mp S. In most of th e te t thi pump was. sufficient 
about 2~~,~ing th e vacuum nece sary though where more than 
Wacuuin was r equired it was necessary to use a rotative dry 
Pllmp, not shown in the figure, in addition to the we t 
A 
FIGURE 4 . Arrang m ent of 
evaporator body as first u s d. 
80 lubes (copp r) 1 % " x 24" x 
18 B . W. G. Diameter of body (Inside) 20 " . H eight of vapor 
spac , upper tube plat to top, 
6 feet. 
B 
FIGU RE 5. Sam as F igure 4; 
except tha t th height of vabP~ 1 space .Is 10 f e t ancl contains 
eye-glasses. 
i 
. 
. . 
'' 
- '. 
rc:s.:1tEJ1: : 
1."::.-.:.:...--~!0...-.--·; :.~~: : 
' ' 
'' 
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FIGURE 6. Evaporator body with "downtake." 66 copper tubes 1%" x 24" x 18 B. W . G. 
Down take 6" diameter made of copper 13 B. W. G. Copper tube plates 'A. " thicl< Height 
of vapor space, 10 feet. 
[[§]~§1 
FIGURE 7. Evaporator body with 39 copper plates 2" x 48" x 18 B. W. G. Copper tube 
plates 1;.." thick. H eight of vapor space, 10 feet. 
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pump. With both pumps it was possible to carry a vacuuIIl of 
27". The suction pump of the dry vacuum pump was cond 
nected to the condenser as shown at T. The 11/211 pipe attache 
· · ·ce to the bottom of the catchall Q was used for intercepted JUl. 
and condensation. By properly manipulating the valves U thiS 
could be done while the evaporator was operating and undet 
va uum. The temperature in the vapor space of the evaporator 
was ob ervcd by m ans of the thermometer V h1.serted in a deeP 
th rm.ometer well. The steam supplied being expanded great11 
at the valve F, was generally superheaited considerably. JJ1 
order that st am with varying co~ditioiis of moisture and super· 
11eat could be supplied a %." water pipe W was connected.: 
that a spray of water could be injected into and mixed 'Wl 
the steam.when desired. A gage glass not visible in the ara\f· 
ing was connected to the steam space of the calandria for t)le 
purpose of allowing observations regarding the depth of con· 
densation in the lower tube plate. Sight gl_asses X and Y were 
provided for observing ~be inside of the evaporator. Tb; 
manometer Z was used in determining the pressure drop due 
friction in the catchall. Water was used in the U tube, the tlf~ 
leg of which were connected to the entering and exit ends 0 
· ate the catchall. by 1411 pipes a .shown. Both. o.f t~1e c?ndens eit 
pumps l\'.[ and S were arraug· d for water mJeci1on mto th f 
suction pipes. The external surface of the cast iron shell.~ 
the evaporator, also the steam supply pipe, was covered '\fl ti 
asbestos cement non-conductive covering, except for a few tes fll 
early in the work. The thickness of this covering varied fro 
%" to 1". 
METHODS . EMPLOYED IN MAKI G THE 
EXPERIMENTS. 
hougl1 The general procedure was the same for all the tests, t . nil 
there were a few minor departures where special investigatio 8' 
were made. Before beginning a test a preliminary run 'If 
made in ·order to warm the apparatus up to normal temper~ 
tures and to secure uniform conditions. In starting, the usu .. 
ov· procedure was to start the vacuum pump of the surface c te 
denser also the vacuum pump used for removing condensa 
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from th . St e calanclria, a charge of juice having been drawn in. 
earn was then turned on and by proper manipulation of
 
Valves tl1 d . . 
. 
' e es1red steam pressure in calandna and vacuum m 
.;apor space obtained. In the meantime the cooling water w
as 
urned into the condenser. The vacuum in the condenser wa
s 
regulat d . - . 
S b e 1~ three ways, viz : by varying the speed of the pump 
' Y varymg the quantity of cooling water supplied to th
e · 
_;utrface condenser, and by admitting air through a cock, t
he 
a ter be' · 
d 
W°h ·mg used whe1·c _a very small vacuum was r eqmre
 . 
en very high vacuum wa required the rotative dry vacuum 
.PUrnp . h was operated. The pressure of steam was manipulated 
PY nieans
 of the th-rottle valve F though in cases where the 
ressure , . . ' in Iequ1red was below atmospheric, that is vacuum, vary-
c g the speed of the condensate pump was a) o r esorted to i
n 
ontrol}j "' tl . 
att . n., 1e steam pressure. In operatrng the outfit 
the 
ention f . . 
.and k _0 .one m~~ was r~quired fo~· operating the appa_r atus 
J. . eepmg 
conditions umform while another man weighed 
u1ce and d . . . 
ni 1 con eosa
te and recorded the observat10ns which wer e 
t at e at regular intervals.
 With some of tbe more difficult 
es s 
· ' especially the entrainment t ests, till anQther .attendant 
:Was required. 
all ~~e following is a sample of the form of log sheet used in 
t ests with few exceptions: 
-
.s ... 
s 0 
WEIGHT, 
"" ::s o:l TEMPERATU
RE, D EGREES FAHR. POUNDS 
::s ;.. 
0 
~ oi • .s "' a; l 0 8. ~ ... ~ "' .. ~~~ ..; o:l cd ... "' E ·~ "" P. ;:: "' cd "' "' 
..... 
£J .;a~ "' "' .c ~s "' ... ~ i:s s §~ . ~ Q E "'"' ., _., 0 "' ~cd "' ~ ., - 0 f::: ~ o:l Q 0"'"' ~ ;g CJ Q~ 0 CJ s:: ..... "' ... ~ ~~~ "' o:l :; 0 :; 
OU> ,_ cd 
> 
..... 8"' rn C) ..... ~ ..... C) Ill 
ste .A.ll of the tests were made with clean heating surface. Live 
aru di · 
eign r ect from the boilers was used, hence there was no f
or-
ln rnat~cr in it to foul the steam side of the heating surface. 
as t~a~y. of the te. ts pure water was u ed ·in tcad of juice and 
eve JUlce and water te ts were frequently alternated ther e w
as 
Wit~Y 0 PPortunity for keeping tbe tube clean by simply boiling 
by W~ter. The juice used wa made from good white sugar 
lllelting it in water. By mixing with the proper quantity o
f 
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water any le ired den i.ty could be provided and on account of 
the purify 0£ the juice thus made there was practically no foul· 
ing of the tub s. In fact it was quite essential that this con· 
dition be maintained as it would have been impossible to stud! 
the effect of other variables upon heat transmission without th!S 
one onstant. Inspection of the tubes after the tests on a cal· 
andria were :fini hed showed the juice side to be perfectlY 
smooth and cl an. The steam side also was practically cle~ 
except for a very light coating of what had the appearance 0 
soot, the quantity being so small however, as to be practica~ 
negligible. This black matter probably came from very s!11. 
amounts of surplus graphite squeezed from gaskets used in 
putting the calandria together. 
· 't' ns The duration of the tests depended upon the cond1 1? 
maintained. In beginning a test the rule was to make a running 
start, that is, a preliminary run wa& made before the test -w; 
started, all requir d conditions being established, the actual t 
being started wrn10ut a. shut down. At the time the test wall 
started the 'h eight of juice in the gage glass was noted and ~ 
small string tied around the glass at that point. As the tesd 
progre sed and water was evaporated, water was adrnitt.e 
through the juice valve from the ·w ·ighing barrels in quantitie~ 
suffi i nt to keep the jui e up to the string in the gage glasS· 
Under ertain conditiqns, espe ially wh n the. boiling was vet'/ 
rapid and violent, the level of the juice fluctuated greatly .80 
that it was difficult to begin and nd a te t with the same juic: 
level, and thi in turn would cause an error in the measurernell 
of the weiO'ht of jui . In such cases the tests were made rela· 
tively 1 DO' in ord ·r to reduce the percentage of: error. TJnd~l.' 
other conditions the juice level flu tuated litt le or not at all, ill 
whi h ca e the test were made shorter. 
total of 167 tests were made, most of them during the 
months of July an i Augu t, 1912. Table 1 gives a suruJll~r· 
ization of the data obtained in the. e tests, each horizontal iinc 
in the table r pr s nting one te t. olumns 1 to 17 give tbe 
averages of value read from the instruments, that is, obser-va· 
tions. In all te ts readings were tak n every five minutes. 'l'be 
valu s in olumn 1 to 22 were calculated from observed datS· 
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:he temperature fall, column 1 , ·was obtained by subtracting
 
t e temperature in the vapor space, column 6, from the average
 
tnperature in the calandria (average of temperatures at bot-
om and top of calandria, column 8 and 9) . Often the actual 
average t . . f th emperature m the calandria was found to vary rom
 
at corresponding to the pressure shown in · column 4. In some 
cases th t 
a 
st e ac ual temperature was greater than that for saturate
 
I ea.in, in which ease the difference was marked + in column 19. 
n case the actual temperature was below the saturation tem-~~ratu~e corresponding to the pressure the difference was• mark-
- in column 19. The + differences ·were usually due to 
superb t · 
abl ea In the steam, while the - differences were prob-
f y due to the presence of air. 'l'he weight of water per squar
e 
oot of heating surface per hour was obtained as follows: 
col. 16 x col. 2 
--
--
- =col. 20 
col. 14 x 60 
The values in column 21 were obt .:!d from the corres-i~nding values in olumri 20 by dividing by those in column 
un: One of the most important calculat d items is that in col-
tr n 22, viz: coefficient of heat tran mi sion, that is, B. T. U
. 
ansrnitted · h d per square foot of heatm"' urface per our pe
r 
f:;ree F'ahr. of temperatur fall. This item may be obtaine
d 
th :rn the corresponding one in column 21 as follows: Let t =
 
to; :ernperature of the juice entering the evaporator and H the wh~ heat of the steam corre ponding to the vacuum under 
ev lch the boiling tak s place. Then for each pound of wate
r 
S;:Porated there will be r equire
d H - (t - 32) B. 'l'. U. and 
«-tCe th' 
th is heat must be tran mitted through the heating surface
, 
co~ coefficient of heat transmis ion will be [H - (t - 32) ] x 
lna l.Unn 21. The values in column 22 were calculated in thi
s 
nner wh1' h · J d' · S f the h ' e it s 1ould ·be not d,. neglects ra iation. ome o
 
fro eat transmitted through the beating urface is radiate
d 
onlln the surface of the evaporator and ince the above method
 
tha~ accounts. for the beat used in evaporation, it is evident 
'l'h the calculated coefficient i somewhat le s chan the actual
. 
in ~l error Was so small bowev r that it was decided to neglect it 
le calculation . 
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1 45 17.36 0 29.92 173.3 237.3 206 I 206 75.7 , . .. . 84.5 9 56 0 556 700 32.7 - 6.0 13.24 .405 .... 2 71 19.0 
-
.6 29.97 164.2 228.6 184 196 " 74.0 .... 85.0 9 56 0 700 843 25.8 - 21.0 10.20 .395 .. .. 
3 45 17.37 0 29.92 172.0 231.2 206.7 207 77.1 
. ·· . 
82.0 6 56 0 614 747 34.8 
-
5.1 14.56 .419 . . .. 
4 54 15.9 
-
.77 29.92 179.0 735.0 210 208 73.7 .... 84.0 16 56 0 7ll8 855 30.0 - 1.7 14.43 .481 . ... 
5 47 17.7 - 1.0 29.92 170.4 233.0 202 201 75.0 . ... 77.0 14 56 0 560 707 31.1 - 8.8 12.76 .410 . .. . 
6 66 12.55 - .64 29.92 187.0 230.7 205 208 77.0 ... . 81.0 20 56 0 . 637 748 19.5 - 4.4 10.32 .530 . . .. 
7 57 .5 
-
.16 29.92 197.0 228.2 207 211.5 77.5 . ... 3.5 24 I 56 0 409 514 1 2.3 - 2.4 7.10 .626 1- ... 
8 1 57 7.0 - 2.0 29.92 198.4 231.8 215 215 .0 78.0 .... 84.0 8 • 56 0 486 594 16.6 + 6.5 9.12 .550 . .. 
9 45 16.4 - 4.7 29.92 175.5 212.9 192 19 81.0 ... . 4.0 81 I 56 0 310 436 19.5 - 8.5 8.80 .457 1· .. . 10 160 22.0 -12.0 29.92 153.0 214.2 176 178 79.5 . .. . 86.0 8 56 0 590 604 24.0 -10.2 10.53 .439 . ... 
11 60 23.8 - 16.0 29.92 141.6 205.0 162 167 80.5 . . . . 4.0 8 56 0 532 585 ~2-9 -11.3 9. 50 .415 1··· · 
'T 23.5 - 1'7.25 29.92 141.7 199.4 153 164 80.0 .... . 77.0 8 56 0 360 388 16.8 -13.2 6.44 .383 . .. 13 60 20.9 - 4.60 29.92 157.0 225. 7 \ 156 190 79.0 . .. . 83.0 8 56 0 701 814 27.0 -15.7 12.54 .404 14 30 21.7 -15.2 29.92 153.0 192 166 173 78.0 .... 0.0 8 56 0 160 198 16.5 - 8.8 
'" .m r 15 4.0 23.97 - 2.50 29 .92 142.5 225.5 167 1 89 78 . ... 5.5 8 56 0 429 4. 86 35 .5 -29.6 11.50 .324. . .. 
16\9 
21.3 - 2.62 29.92 Ui0.6 2.30.0~ 190 196 77.5 .... 84 .0 8 56 0 550 635 4.3.0 -H.4 15.2.0 .351 . . . 
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21 30 3.31 + 3.51 
22 30 . 2.89 + 3.58 
23 30 2.9r+ 3.60 
30.15 205.0 221.3 218~0 218.0 82 218 103 I 4 / 56 
30.15 206.0 225. 7 2 19.3 219.3 82 219 104 5 
56 
30:15 206.4 227.0 218.8 208.8 84 218.6 100.51 6 
56 
30.15 207.5 233.2 219.3 219.3 84 219.3 104 ' 7 
56 
2 4 30 2.90 + 3.64 
25 30 2.96 + 3.82 
26 30 . 3.07 + 3.91 
27 30 2.9 + 3.65 
28 30 3.03 + 3.45 
29 20 3.16 + 3.58 
30 20 3.10 + 3.70 
31 120 10.01 - 4.0 
32 20 15.05 - 9.96 
33 , 30 24.99 -21.02 
34 20 24.75 -18.96 
35 20 24.25 -16.95 
36 20 22.09 -12.42 
37 20 22.21 -12.46 
3 20 21.92 -12.49 
39 20 22.02 - 12.47 
40 20 22.12 -12.49 
41 120 22.12 -12.41 
42 20 22.011-12.40 
43 20 22.01 -12.44 
44120 22.02 -12.4 4 
45 20 22.02,-12.43 
46 ., 20 22.00 -12.47 
47 20 21.86 j-12.43 
48 I 20 22.02 1-12.49 
49 j 20 21.72j-12. 43 
50 20 21.93j-12. 45 
51 20 22.071-12.47 
52 20 I 7.49 + 4.o 
53 20 I 1i.12 - 2.4 
30.17 207.0 232.6 219.5 219.5 82 219.5 105.5 10 
56 
30.14 201.6 230.4 2 18.0 ·218.0 82 211.9 105.5 14 5
6 
29.8 1 20 6.4 229 .6 2 18.0 218.0 82 218.0 107.6 18 5
6 
30.13 206.6 227.5 218.0 218.0 83 217.7 107.8 24 5
6 
30.06 206.6 229.5 218.0 218.0 82 218.Q 104.9 7 56 
30.06 20 7.0 230.1 217.4 217.4 81 217.1 106 10 5
6 
30.05 206.8 230.5 217. 2 217.2 1 217.2 107 8.5 5
6 
30.17 207.0 229 .0 217.4 217.4 81 2q7.2 105.5 . 6.5 5
6 
29.93 ] 92.6 2!6. 8 205.0 205 77 198.4 94.5 10 56 
29.93 178.5 !95.0 1 2.4 188.2 78 180.!) 99.0 10 56 
30.04 134.0 195.0 154.3 154. 7 1 1.3 151.4 99.0 12 5
6 
30.03 136.0 224.9 166.0 ] 64 2 162. 101.5 12 56 
30.03 139.5 238.6 173.6 173 80 171.4 101 12 5
6 
30.03 149.0 242.6 1 6.6 186.2 80 184 ,S 106 12 5
6 
30.03 150.3 226.8 115.4 11 I p 161 los 12 56 
30.10 152.0 227.81182.8 181.6 184 176. 98 12 5
6 
ao.09 152.4 :ns.5 169.2 176.8 81 165. 100 12 5
6 
30.09 152.6 206.2 162.0 175.8 j81 157.2 101.5 12 56 
30.09 152.0 211.6, 168.0 175. 181 161.8 101.5 12 5
6 
30.08 154.0 225 177. 2 17 .2 81 168.r, 103 12 5
6 
30.08 152.3 231.8 1 3.6 181.4 I o 176. 2 102 12 56 
30.081 151.8 244 187.0 186.2 80 185.2 104 12 5
6 
30.05 1 52.2 234.7 181.8 1 2.8 180 175.4 96.5 12 5
6 
30.06 152. 6 215.6 165. i 118.0 80 161 97 12 56 
30.0.51153.o 211.81 167.8 118.4 j80 1162.6 96 12 56 
30.06 15 2.o 203 .7 l 158.4 111.2 l8 0
1 
l155.6 96 12 I 56 
30.00, 153.4 23 0.2 184.~ 181.8 179 99 12 56 
30.01 152.21 236.lj 185.0 185 . 80 jl 79.2 100 12 1· 56 
29.981151 238.51185.2 186.8 80 1179. 8 101 12 5
6 
30.09 198 I 242.9 218.2! 217.8 81 
1
217.0 99 .5 12 I 56 
29.99 i88.2 246.o 201.8 201.6 80 · 205.s 101 12 5
6 
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0 
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0 
0 
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0 
0 
0 
0 
0 
91 13.0 ; - .1 
91 13.3 + 1.1 
197 12.4 + . 9· 
330 11.8 + 1.5 
320 12.5 + 1.5 
240 11.0 0 
221 11.6 + .2 
186 12.0 - .4 
272 11.4 0 
2.61 10.4 - 1.3 
1 1 10.4 .6 
171 10. 4 - .8 
68 
114 
149 
295 
308 
194 
184 
150 
228 
214 
148 
147 
117 . 134 13.0 + .1 
57 
187 
249 
309 
340 
177 
1 0 
152 
107 
144 
167 
242 
357 
228 
128 
139 
86 
277 
274 
.311 
279 
202 
65 6.8 - 7.0 
20.5 - 2.7 
29.0 - .8 
33 .8 + .3 
37.4 0 
26. 4 - 9.6 
30.2 - 4.2 
159 20.6 ---J.3. 4 
]16 16.9 -17.5 
145 19.9 -14.7 
188 23.7 - 8.7 
261 30.2 - 4.0 
. .. · 13 4.8 + .1 
245 30.1 - 4.7 
147 119.9 -14.5 
152 20.1 -13.3 
92 115.8 -'-18.5 
219 29.6 - 3 .. 0 
300132.8 - 1.3 
327 35. 0 .2 
I 300 20.0 .5 222j 19.5 .2 
2.451' .187 
4.01 .56 
5.32 .43 
10.53, .89 
11.00 .88 
6.93 .63 
204 
237 
478 
976 
6.571.57 5.36 .45 
8.U . 71 
7.64 .74 
7.93 .76 
7.87 .7 5 
6.27 .48 
3.28 .482 
10.0 .49 
13.3 .46 
16.5 .49 
1 .5 .495 
8.80 .360 
7.65 .319 
8.14 .395 
3.75 .339 
7.70 .387 
8.96 .378 
13.08 1 .430 
19.10 .550 
10.20 .406 
6.87 .5 4 
9.45 .37 
4.61 .292 
19.90 .502 
14.70 .44 
16.7 .476 
14.94 .747 
10.821 .556 
1054 
692 
622 
490 
784 
808 
840 
813 
1530 
466 
348 
491 
525 
533 ~ 
361 ~ 
343 
426 
365 
417 
407 
462 
592 
438 
371 
406 
314 
54 1 
482 
462 
819 
607 
1 2 
..... 
0 
0 
z 
"' 
54 20 
55 20 
5G 20 
57 20 
5 30 
59 20 
60 20 
61 20 
62 20 
63 20 
64 120 
:~ \ ;~ I 
67 20 
68 20 
69 20 
10 20 
11. 30 
3 4 
I 
15.32 - 7.45 
17. 3 -10. 
6.21 + 6.0 
8.96 + 2.0 
2.99 1+ 5.94 
5.43 + 6.01 
11.97 + 5. 9 
7. 7 + 5.95 
11.74 + 6.09 
16.9 - .04 
22.3 - 9. 6 
23.5 1-13.44 
24.48 -15.06 
23.91 -19.56 
21.70 -12.24 
23.87\-19 .02 
2.2 .S \-1-2 .91 
2.2.ll'l.\-1-2..<lt. 
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TABLE 1-CONTINUED. 
6 7 8 9 10 11 12 13 
TEMPERATURES, DEGREES FAHRENHEIT 
"' t) g_ 
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0 
"" 0 E-< 
E 
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"' 
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"' 'tS g 
0 
E 
0 
0 
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30.09 178.2 216.3 197.81197.0 80 .. 5 194.6 102 12 
29.94 169. 226.6 1 8.2 l 88 .0 82 184.6 104 12 
29.93 200.9 235.0 922 81222.1 82 . 221.0 107 12 
29.97 195 .6 211:4 215.2 215.2 108.7 12 
29 .84 207.5 224.4 224.0 223.3 105 12 
207.4 224.9 224.2 223.5 107 12 
187.5 224.4 224.2 221.5 105 12 
197.6 224.4 224.4 223 .0 99 12 
1 9.0 225.1 224.1 223.2 96 12 
172.8 212.7 212.6 210.9 98 12 
147.7 197.9 195.8 ~o 186.o 98 12 
30.02 146.4 179.4 177 .l 82 174.8l95.5 12 
30.02 139.9 154.0 170.8 0 146.6 95 16 
30.01 143.2 192.6 165 .0 164.0 0.5 159.0 96.7 \16 
30.01 1 51.1 236.l 187 .o 18 .o 81 1 4.4 100 .3 16 
30.01 142 .'l 208.4 lll'l.O 169.6 81. 164.'.: 9 .'l 16 
3\l .09 H9.5 228.2 1 81\.0 194.0 81. 182..ll 98 21\ 
30.ll9 UO.ll 22.9.i> 1.S'l.3 l.S6.'l \Sil l.&4.6 n.2. \ 2.6 
14 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
51\ 
06 
15 
0 
0 
0 
0 
13.0 
9.6 
6.8 
8.6 
6.3 
6.8 
7.9 
37.7 
41.4 
39.0 
29.4 
36 .4 
\
25 .0 
2. 4.6 
16 17 18 19 
177 
141 
303 
263 
177 
28~ 
434 
292 
383 
429 
371 
219 
83 
114 
3 45· 
155 
3H 
4.1.S 
'tS 
~ 
i:: 
"' 'tS g 
0 
192 19.18 - .8 
172 18.3 - 2.15 
307 21.54 + 1.28 
2 8 20.9 + 1.28 
308 16.63 + 3.15 
294 17.2 + 3.51 
474 36.7 + 3.29 
312 26.8 + 3.34 
435 35.2 + 2.94 
442 39.9 + .86 
362 49 .1 + 4.5 
219 al.8. - 4.51 
95 22.5 -16.63 
21.1 + 1.1 
36.4 + .66 
25.6 + 2 .8 
.. . . u.;, + 4.81 
.. •. 36.4 + .o 
20 
9.48 
7.55 
16. 23 
H .08 
6.32 
15.2 
23.25 
l(;.6 
20.4 
23 .0 
19.9 
11.73 
4.45 
6.1 
18.5 
8 .3 
17.6 
l.4.9 
21 22 
.4 95 
.412 
.7 54 
.776 
.379 
.884 
.630 
.886 
.580 ' 
.579 
.507 
.370 
.197 
.274 
.508 
.324 
.425 
.Ull 
537 1!i 
463 
823 
729 
418 
969 
692 
640 
638 
626 
436 
396 
212 
310 
547 
348 
437 
4Ai 
7hQ 30 73 20 
74 20 
75 20 
76 20 
77 20 
7 81 20 
79 20 
0 20 
81 1 20 
82 30 I 83 20 
4 20 
85 25 
6 37 
7 . 20 
8 I 20 
9 1 20 
90 20 
91 J 20 
92 20 I 93 60 
94 60 
95 60 I 
96 J 60 I 
97 J 60 
9 I 60 I 
99 I 60 I 
100 I 60 I 
101 J 60 
102 I 60 
103 ! 3o I 
104 60 I 
105 60 I 
106 I 30 
23.11-13.4 130.09 148. 5 221.5 185.r 189.0 80 /1716.3 100 26 I 56 11. 89 + .08 30. 16 190.0 238.1 21 2.6 2 12 .4 80 ~2~0.6 97 16 56 9. 73 + .18 30.15 196.9 233.2 2 13.2 2 13. 2 82 2~1.6 98.2 1 6 56 
9.50/ + .2' 130.15 195. 7 233.9 212.7 212.6 2 210. S 99.7 16 56 
9.14 / + .1 30.14 195.7 23 7. 5 212.8 2 12.8 2 211.2 101.2 16 56 
9.36 + . . 22 30.14 194.6 236 .8 21 2.21 2 11 .8 5 210.2 103.3 16 56 
47.4 265 
67.3 217 
40.8 179 
34 .85 1 88 
28.22 199 
22.0 219 
9.17 + .04 30.14 194.8 238.3 2 12.8 2 12.4 82.51211 . 4 102. 16 56 17.5 
9.63 + .02 30.13 196.0 230.0 21 3.6 2 13.2 83 212.6 106.5 12 56 62.0 
9.69 + .02 30.22 195.6 231.4 212.8 212.8 86 211.G 100.6 16 56 38.4 
9.6 + .02 30.2 1 194.8 223.8 215.6 215.0 8 4 214 .S 102.7 12 56 67 .9 
9.4 - .0 30.21 194.9 221.7 212.1 212.1 84.5 210.7 lO t.2 14 56 61.0 
9.63 - .0 30.20 193.7 239. 7 211.4 211.4 1 1 210.0 104 16 56 0 
9.66 - .04 30.13 193. 8 24'1.5 213.2 213.0 82 212.0 101.5 16 56 0 
9.55 + .08 30.13 19~ . 6 235.9 213. 1 213.6 81 212.l 100 16 56 39 .6 
9.36 - .04 30.13 194.0 23 .5 212.4 212. 4 82 216. 2 101.-0 16 56 21.0 
9.73 + .1 30.10 193.4 220.l 214. 0 214 .0 83 210.6 101 16 56 0 
9.7 2 0 30.10 193.2 239.5 213.8 213. 6 2 212. 0 103.G 16 56 0 
9. 72 0 30.091 193.2 216.5 213. 214 .0 82 210.0 10 2.3 16 56 0 
9.69 ~ 0 30.10 , 193.5 227.1 214!0 214 .0 1 210 .6, 99.8 16 56 0 
9.69 1 0 30.09 193.2 217.0 213.2 213.2 2 210. 102 .1 1 16 56 0 
208 
31 
199 
... . 38.5 + 3.0r 9.5 .246 265 
. ... 22.5 + .34 11.6 . 516 564 
. . . . 16.3 + .65 9.6 .589 643 
. . .. 17.0 + .07 10. 7 .629 650 
. ... 16.3 - .41 10.65 .653 716 
..... 17.4 .6~1 11 . 72 .673 793 
17. + .39 11.13 .625 683 
17.4 + 1.16 1.66 .061 104 
17.2 + .39 10.65 .619 675 
20.5 + 2.92 2.14 .104 114 
17.2 .38 3.92 .228 247 
17. 7 .80 11.5 .6 50 712 
19.3 + .97 12.96 .672 734 
17.8 + 1.06 11.721 .659 659 
18.4 + .23 11. 3 J .642 703 
20.6 + 1.7 11. 89 .576 63 2 
20.5 + 1.5 12.28 .595 664 
20. 7 + 1.7 12.32 .5 95 653 ~ 
20 .5 + ·L 11. Gl .567 621 
20 .0 + 1.0 11.13 .5 56 ,663 
20.3 + 1.4 11. 9 .5 86 623 
9.60 + .02 30.09 1 193.3 239.71213.6 213.6 81.5 i12.2 104 16 56 0 
9.77 0 30.03 193.3 243.7 213.2 211. 4 1 210.5 97.5 · 1 16 53. 261 0 
9.75 0 30.02 193.6 216 .0 211.0 207.2 80.5 206.6 96.5 16 53. 26 0 
9.48 + .06 29.93 1 194.01 215.91 211. 4 207.6 2.7 207.7 99.1 l.6 53 .261 0 
40 
100 
215 
242 
250 
409 
222 
22 9 
230 
217 
20 
216 
727 
553 
.579 
535 
540 
526 
494 
6 5 
671 
671 
157 
435 
73-0 
279 
1
819 19.0 + .3 13.65 . 718 7 88 
·. ·. ·. ·. 15.5 - 2. 9 10.38 .670 733 
1 5.5 - 2.5 10 .80 .511 771 
9.6 1- .o4 30.00 193.5 211.2 211.5 20 1.5 82 201.5 101 I 1u 53. 26 o 
9.58 0 30.05 1 19 3.8 225.11210.0 207 .2 82 209 . ~ 97. 1 16 53.26 0 
9.69 1- .1 30.04 J 193.7 1 233.2 209.3 206.5 82 J209.6. 95.0. 16 53.26 J 0 
0.10 1 + 5.99 29.941 212.0 24 i.3 222.5 22i.5 83 122i. 5 99.o 1 1s 53.261 o 
.53 J- .04 29.97 195.6 242.6 J 215.8 211.6 83 212.0 98 I 16 53. 26 0 
l 5.85 J- 8.5 29.96 1 175.8 1 240.ll 196.6
1
193.6 J81 J192.9 97 I 16 I 53.26 t o 
21. 6J-15.93 I 29.95 1 151. 1 237.9 176.2 169.4 181 J173.1 96 16 53.26 J 0 
23 .6 J-15.5 4 29.87 1 146.1 205.2 177 .61 175.1 84.5 J175 .9 95 . 18.5 J 53.26 J 63 .2 
23.1 1-15.34 129.97 J 145.1 218.81119 .2 1 113 5 18 4.51111.3 99.1 I 18.s l 53 .26 1 47.3 
20.011- s.01 29.931 16 2.21240.4 200.11 193.8 81.81195.4 9 .5 I 16 I 53.26 1 41.4 
23.o -15. 4351 29.871 147.5 226.2 119 .01 113.1 l8i.51115.1 100.3 I 22 I 53.26 1 38.2 
• I 
14 .0 - 2.6 10 .05 :717 7 4 
14 . - 3.5 10.251 .693 757 
14.1 - 4.1 9. 61 .699 765 
55 21 10.0 + .8 9.2·81 .928 1019 
743 1 .1 + 1.7 12.87 .711 777 
I 
.... 17.8 1- 2.1 12.6 .'109 775 
... ·I 2i.o - 3.3 12.6 .600 641 
. . . . J 30.2 1- .79 1 5.9 .195 209 
I· ... J 3i.2 1- i.1 31 8.15 .261 280 
I .... , 34.7 1- 2.77 , 13.7 .. 395 432 . . . . 28. 6 - 1.33 10.47 .354 394 
1 2 
..... 
0 
0 
z 
3 4 
107 30 16.61 - .110 
10 30 17.33 - .11 
109 30 16. 24 - .14 
no 60 25.55 -16.47 
lll 60 26.29 -18.92 
112 55 24.40 -13.84 
ll3 30 26.54 -20.99 
114 30 26.59 -20.99 
l15 45 26.09 -18.92 
l l6 60 24.74 -16.43 
ll 7 30 24.89 -15.43 
ll8 30 24.71 -15.44 
ll9 30 25.94 -19.03 
t20 30 17.43- .r 
l 21 30 15.04 - .01 
t 22 40 \ 1 6.53 - o• 
l 23 30 16.53 + .29 
\2.\ 20 16.04 - .1 
TABLE 1-CONTINUED. 
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
gJ~ & ~ ~ f e: ow om~ ~ 
TEllll'ERATURES, DEGREES FAHRENHEIT -§.$ . a! ~ 0. 'O l~ ~:rj ~;ij~ ·~ ~ ~~ ~ ~ g' rn a! ~ ~ !" @ ~ c oi E bll-§ rn oid rn :;J ~µ;. ..; :..~ ~ E:; i ~ ;g gj ~ 0.-<-< .~ -~ o gi g ~.; ~ ci. r~ ~ -A 
P:< 8 o a ·5 rn 'i5 li; ";;! .;: ·3 o ~~ o E ~ g' ~ g iv °::l ~ m (t) ~ Cd i-, ~ i:?: ~ ~ ~ '0.-4 B~ ~~ ~0 ~:: ~ ~ e ~ · .8 !Ji £' 0 t) bo ~ t:.3 >"< o: o o o! rn p. 0 op," ..... E E S t; .S c . E ., ., "O..i .t-oi ~ -:: S li; ~ * ~ ~'Ol:I1 ~'O~ o ~ & a! ~~ "" 21 ~ o §.8 ~: ·2·~ ~ ~~ e~ ~~ g~li> 5~li) 't5 
Ill ~ ~ ~"" ~ &i 8 Pl ttio! .'.Jrn Qlll I!:: ~rn ~a am ii:"'"" 6:_:..P.i 8·;;; 
3o.o1 174.6 2 50. s 216. 3 21i.9 1s i.5121o.5 ·-9-6-. ...:l~l-6 _,__I -5-3-. 2--.:6l~3-5._7__,__5o_6__, __ -. -. _-'-ll-3-9.-5_,_+_2 ___ 2 -'--1-9-. o-'--•. -4-81--'--5-3 o ~ 
30.01 171.8 256.5 222.6 217.4 . 181.0 211.J 97.3 16 53 . .26 30.8 612 .... 48.2 + 8.1 25.0 .519 51! 
30.01 173.0 252.8 219.0 215.0 81'. 0 210.7 96.4 20 53. 26 20.3 682 .... , 44 .0 + 5.16 21.82 .496 500 
30.14 131.6 244.0 1 1.0 172.8 83.0 172.8 97.6 16 '53 .26 4 .4 961 .... 45.3 . . . . . . 18. 05 .399 424 
30.13 125.8 227.5 165.1 158.5 80.5 164.2 9 .0 16 53.26 . 47.3 644 . ... 36.0 - 4.9 12.1 .336 358 
30.10 13 .3 244.0 186.3 181.5 Rl.O 179.S 99. 7 16 53.26 . . . . . 944 .... 45.6 + 1.1 19.3 .425 454 
30.13 123 .7 Zl4.0 159.0 • 150.0 85.0 156.9 95.0 ! 16 53.26 53.7 231 .... 31.4 - 2.6 ·8.67 .276 412 
30.13 123.0 205.3 157.7 150.0 82.0 156. ~ 96.0 1 18 53.26 50.5 209 .... 30.8 - 3.9 7.85 .255 33 2 
30.13 126.6 227.6 166.5 157.9 81.0 164.6 99.5 18 53.26 43.2 490 . . .. 35.6 - 4.1 12.Z .344 368 
30.07 135.9 240.6 191.1 174.0 83.0 172.8 102.5 18 53.26 . . ... '896 . ... 41.6 + 2.5 16.S .404 43 2\ 
30 .04 135.0 244.6 181.1 175.9 82.3 175.7 103.0 20 53.26 41.7 486 .. .. 43.5 + .5 18 3 \ 4? 0 \ 448 
30 .09 135.4 231.2 1s2.2 175.o s2.5 176.6 96 .7 \ 24 53 .26 37.5 478 .... 43.2 + .6 1s:o ·4~7 445 
30.o8 127.1 22i.1 16.2.4 155.7 81.0 163.7 n.2 2t 53.26 43.2 266 .... .a2.o - 6.6 9.99 :312 339 
30.08 169.1 259..2 221.0 211.4 80.7 210 .( 107.5 I 16 53.26 8.8 855 .. .. 49.6 + 6.7 30.'.l .608 \661 
30.08 178.0 251.1 219.1 216.3 81.0 210.C 102.0 16 53.26 9 .3 568 .. .. 39.7 + 5.3 21.3 .53 7 585 
30 .01 173.0 256.5 223 .0 217 .5 84.0 \210.C 105 .0 \16 ~ 53.26\ 9.4 929 . . . . 47 .1 + 8.1 26.2 .556 601 
39.91 113.ti 252 .1 219.8 215.8 &2.0\209.() 106.0 12 53.26\ 12.9 122 .. . . H.11 + 5.1 21.1 \ .617 66'J 
a11.112 1n.1 236.4 "ZU..11 211.11 1111.11\21111.' 1111.a 24.5 t.a.2s • • • • • ua •••• n.1 + 1.11 u.sa .u7 .•• ·1 
126 2 0 16.23 + 1.1 30.02 174.7 262.9 221.6 
,,,_, "·'!'"·' '"-'/ " 63.26 ···· · 4
97 
. .. . "' + '' "'/ "'(" l26 20 12.46 + .08 29.96 186.4 251.0 218.6 .21i2 83.0 208.8 106.0 16 63.26 . .. .. 335 . . . . 31.0 + 4.4 18.9 .608 ...• 
127 20 13.94 0 29.90 181.5 256.8 221 .3 217.0 83.0 209.0 
107.0 16 53.26 ..... 397 . . . . 37.6 + 7.0 22.4 .595 .. . . 
128 15 9.61- .05 29.92 193.0 246.9 214.I 212.1 82.0 208.4 
107.0 16 53.26 ..... 165 . . . . 20. l + 1.2 12.4 .617 . . .. 
129 20 7 .33. 0 29.92 198.8 234.3 212.1 211.3 82.0 208.0 10
7.0 16 53.26 142 .. . . 12.9 - .1 7.93 . . 615 .... 
130 20 8.13 0 ,,_.. ,,,., ,,,. . ,,._, ,,... ,, .. ,.. . ,., , I , 75.4 0 104 "-' - -,_, ···1 ·"' "' l31 20 7.89 + .08 29.93 197.2 245.5 212.0 211.3 82.0 209.6 102.5 12 75.4 0 281 14.5 .5 11.18 . 700 SH 
132 20 s.oo - .12 29.93 196.8 2 4 9.4 211. 211.6 81.0 209.6 10
0:6 18 75.4 0 310 14.9 - .1 12.3 .878 1089 
133 / 2 0 
'"'/ 0 
29.93 196. 24 .7 212.4 211.9 1.0 211.0 104.3 
24 75.4 0 318 15.4 + .14 1 2.7 . 22 900 
134 30 8.13 + .01 29. 9 196.4 240.0 212.0 209.6 82.5 211. 0 107.5 30 75.4 0 368 14.4 - 1.2
 9.76 .676 741 
135 30 7.77 + .06 29 .98 196.6 240.8 2 12.1 209.7 82. 211.l 108.0 36 75.4 0 284 14.3
 
- 1.1 7.54 .5Z7 57G 
136 30 8.12 + .. 04 29. 6 196.2 236.1 211.7 209.1 1.5 210.7 109.7 42' 75.4 0 306 14.7 - 1.1 8.12
1 .552 605 
137 30 8.0 0 29.8 195. 6 240.8 211.6 '210.1 9.0 210.1 10(),0 48 7 5.4 0 323 15.3 - 1.0 
8.57 .564 609 
138 30 7. 97 + . 04 29 . 196.1 238.6 212.0 210.3 85.0 210.3 -1 03.5 54 75.4
 0 270 15.1 - .8 7.2 .470 517 
139 20 24.9 -20.91 29. 132.8 224 .6 15 .2 1 54.7 4.5 150.6 102.0 18 75.4 6 220 23.6 - .47 8.7 5 .8 1
 395 
140 20 2 4.96 -20.91 29. 13 2.6 225.9 157.l 152.4 84 .0 151. 7 101.0 30 75 .4 0 
142 22 .151- 2.25 7.64 .340 307 
141 20 24.90 -20.91 29. 13 2.6 217.4 . 157.0 149.0 4.0 152.8 100.5 42 75.4 0 156
 20.4 - 3.9 6.22 1 
.304 325 
142 2 0 24.9 -20.92 29. 5 133.4 176 .2 152.3 153.9 84.0 150.6 95.0 6 75.4 0 
55 19.7 - 3.7 2.19 .111 119 <:.;, 
...... 
143' 15 29.9 7 13 3. 7 195.4 156.0 155.5 4.5 153.7 93 .5 6 75.4 0 
62 21.9 - 1.7 3.39 .150 160 
144 15 29.95 133.7 220.5 155.0 154.75 80. 0 153. l 93.0 
I 
12 
I 
75.4 
I 
0 
I 
170 21.2 - 2.3 9.0 2 .425 4 55 
14 5 20 29.92 133.9 214.3 156.6 150. 80.0 153 .5 90.0 54 7 5.4
 0 l.22 19.8 - 3.4 4.86 .245 2Gl 
146 90 30.05 213.5 241.3 222. 222.4 83.7 222.3 101.5 18 75 .'4 
Q 102.1 1160 9.1 9.04 '.993 1101 
147 90 30.03 1 2.7 215.1 1 9.9 190.3 5 4.0 148.i 100.4 i 75.4 0 597 677 7.45 
5.28 .70 770 
14 20 30.12 191.6 244.G 212.1 211.7 80.0 209.5 101.3 24 7
5.4 339 20.3 11. 59 
149 20 30.12 195.9 237.2 2 11.4 310. 7 80.0 209.6 101.5 24 7
5.4 212 15.2 8.24 
150 20 30.12 193.1 241.5 211.9 211.9 81.0 209.9 103.1 24 75.4 
391 l .8 13.05 
151 20 30.13 197 .3 24 .9 214.5 211.0 2.6 209.C 106.7 l'S 75.4
 261 15.4 + .0 4 10 .38 
152 25 30 .12 195.8 249.9 214.5 212.6 2.6 209.1 105.0 30 75 .4
 514 17.5 + 1.3 12.20 
153 15 30.10 20 1.0 231.8 214.4 212.0 85.0 211.0 104.0 15 75.4
 .... . 115 17.2 + .8 6.10 
15 4 25 30.5 199.2 239.3 • 214.7 211.6 86.0 210.8 106.0 20 7 5.4 
172 13.7 + .6 6. 85 .499 
155 30 30.15 198.8 235.5 2 14.0 211.7 83.0 211.0 105.0 36 75.4 ~56 
14.0 + .5 6.7 2 .473 
156 30 30.5 198 .7 234.1 215.0 211.4 84.0 211.0 108 .5 48 7 5. 4 
256 14.5 + .7 6.78 .467 
157 
15 120 23.02 -17.54 30.02 145.9 225.
3 170.8 165.4 181.5 117.C 99.95 24 75.4 0
 2 45 22.2 - 3.8 9.75 .440 471 
159 20 20.72 -15.41 30.02 156:3 233.6 180.8 175.6 80.0 175.6 lOQ.4 I 24 75.4 0 247 I···. 21.9 0 9.85 .450 517 ' 
TABLE 1-CONTINUED. 
1 2 3 5 6 7 8 9 10 11 12 13 14 
TEMPERATURES, DEGREES FAmraNHElIT 
..., 
Ul 
"' E-< 
..., ..... 
Ul 0 
8 g 
c; ~ 
0 5 
z ~ 
I I 
160 20 
161 20 
162 20 
163 20 
164 20 
165 20 
166 20 
167 20 
I 
17.63 -10.63 
11.77 - 2.5 
6.14 + 6.02 
9.65 - .02 
9.6 + .10 
9.72 - .19 
9.58,- .04 
9.51 0 
... 
0 
0. 
~ 
30.03 170.0 244.0 193.4 
30.03 187. 7 252.3 210.1 
30.02 200.6 259.2 222.6 
29.96 193.1 240.0 211.8 
30.96 193.2 241.5 211.4 
30.00 192.0 244.0 211.3 
30.00 192.4 245.3 211.5 
30.07 193.3 212.4 211.8 
*Pressure drop in separator. I 
.... 
0 
0. 
0 
E-< 
189.8 
207 .6 
222.4 
210.3 
210.5 
211.8 
213.0 
210.6 
lso.5 188.2 
81.5 205.0 
82.0 217.0 
79.5 209.6 
79.5 209.8 
81.0 209.7 
81.01210.0 
\79.0 210.0 
8 
0 
0 
~ 
103.5 '1 
104.6 
108.1 \ 
99.0 · 1 
99.3 I 
94.3 
95.0 I 
96.8 
!(,I 
24 
32 
75.4 
75.4 
75.4 
75.4 
75.4 
75.4 
75.4 I 
75.4 
15 
0 
0 
0 
0 
0 
0 
0 
0 
16 17 18 
283 
312 
388 
220 
255 
272 
32 4 
235 
'O 
"' "' Cl 
"' 'g 
0 
CJ 
.. . . 
1 
21.6 + 
. . .. 20.75 + 
.... 21.9 + 
l'i.9 
17. 
19.5 
19.8 
17.9 
19 
.5 
4.5 
.9 
20 
16.22\ 
12.461 
15.44 
8.74 1 
10.12 
10. 82 1 
10.88 
9.37 
21 22 
.5 20 
.599 
.705 
.487 
.57 0 
.555 
.(i51 
.5 22 
516 ~ 
652 
784 
523 
616 
599 
\ 
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RESULTS OBTAINED FROM: EXPERI1\1E TS. 
HEIGHT OF BOILING. 
~ .0~ page 8 the effect of the static pressure due to th~ weight · 0
.1. Juice · 1n redu ing the temperature fall was discussed and an 
example ' . . . 't d "'as worked out howm"' the th oretical loss m capac1 Y :e .to a. S\llU d depths and d:nsities of juice. Ill order to 0 
ltain data that woul.d show the relation beti;veen the theoreti~ 
ca loss d Tl an the actual lo . , thr e set of experiments were made. 
le first of these .,eri s included te ts 17 to 30 i'llclus1ve with ~:aporator A, Figure 4, that i with tube 1%" x 24" and with· 
3,, downtake. In this serie the
 depth- of juice was varied from 
h to 
24" above the lower tube plate a te t being made foT each 
Pad. ' 
_Section A of table 2 gives the ·es ential data obtained in this 
series Tb . 
· e steam pressure was kept a near 3%" of mercury 
as po 'bl . 
0 
881 
e and the vacuum in the vapor space 3" of mercury. 
urve A p· 6 d 
sh ' 1gure S., was plotted from columns 5 and an ""'.0'~s graphical1y tho effect of juice head upon heat trans-
"•lss1on. 
. 1The second 
of the " head" series included tests .12 to 138 
inc usiv · 
2,, e With evaporator D, Figure 
7, in which the tubes were 
th ~ ~S" and in. whi h there was no downtake. Th.e depth of 
the Juice was varied from 6" to 54". Section B of Table 2 gives 
i e ;ssenti al data obtained in this seri s. The steam pressure b~ t e calandria was maintained atmo pheric as nearly as possi-
e and ti · · C B 1e vacuum m the proper pace " of mercmy urve 
of Figur 9 h · · f · · · h d t h e s ows graphically the relations o JUICe ea o 
eat transrnission as determined in this eries. 
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TABLE 2. 
I nfluence of H eight of Boiling upon Heat Transmission. 
1 
Test 
17 .•.•.......•.....•. 
18 ..•. . .•.....•...... 
19 .. . ................ 
20 .........•.. . ••• ... 
21. •.•.. .. ........... 
22 ....... ... ........ . 
23 •.• ........•.....• . 
24 ....... .. • ......•.. 
25 .• : . . .... . ...... . •. 
26 .•............ . .•.. 
27 .• ................. 
28 .•..•••.•• •. : ••.... 
29 .••... .......... . . . 
30 . .......... . ...... . 
128 .. .. .. ... .. .. . .... . 
129 .. . . ... ... . . . .... . . 
130 . .. ... . .. ......... . 
131. ....... . . ... ... . . . 
132 .. ... ... .... ...... . 
133 .•......... .. . . .... 
134 .... .... .• . ....•... 
135 . . . .. . .. .. . ... .... . 
136 . ......• : . .. .. .... . 
137 .......... . ....... . 
138 .................. . 
139 ......... . .. .....•. 
140 .... ..... . • ........ 
141. • ... ......... .. ... 
142 ..... . .... .•. .. .... 
143 ........ . ......... •. 
144 .................. . 
145 .............. ... . . 
I 
2 
+ 0.77 
+ 3.&7 
+ 3.70 
+ 3.74 
+ 3.61 
+ 3.58 
+ 3.60 
+ 3.64 
+ 3.82 
+ 3.91 
+ 3.65· 
+ 3.45 
+ 3.58 
+ 3.70 
- .05 
.00 
.oo 
+ .08 
- .12 
.oo 
+ .01 
+ .06 
+ .04 
.oo 
+ .04 
-20.91 
-20.91 
-20.91 
-20.92 
-20.93 
-20.93 
-20.93 
3 
(A) 
3.06 
3.02 
3.70 
3.63 
3.31 
2.89 
2.96 
2.90 
2.96 
3.07 
2.98 
3.03 
3.16 
3.10 
(B) 
24.9 
24.96 
24.9 
24.9 
25.02 
24.87 
24 .87 
4 
8.6 
11.9 
13.0 
13.3 
12.4 
.11.8 
12.6 
11.0 
11.6 
12.0 
11.4 
10.4 
10.4 
10.4 
23.6 
22.15 
20.4 
19.7 
21.9 
21.2 
19.8 
8 
3 
4 
6 
6 
7 
10 
14 
18 
24 
7 
10. 
8.5 
6.5 
18 
30 
42 
6 
6 
12 
54 
0.66 110 
11• 
.11 
20• 
.187 ss7 
.66 
"' 
.43 976 
.89 
··· ·· ··· 
. . ,;; 
.63 
.67 
.46 
.71 
.74 
.76 
. 75 
.37} 
.340 
.304 
.111 
6ZI 
490 
784 
sos 
840 
sis 
.J---
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. 1The third of the juice head series including tests 139 to 145 inc usive · · difi was also made with evaporator D. This series 
th ered from the preceding one mainly in that the pressure in 
e caland · · · h · h b ria was much lower· m fact a vacuum m t e ne1g -
orhood of 2111 • • a' . h 1 dr' h . . th was mamtame m t e ca an ia w ereas m e ~receding series on this calandria there was a pressure, prac-
1cally at h . . t . ' mosp eric. The vacuum in the vapor space was mam-
a1ned nea 25" f . fall '.r . o mercury, thus making a greater temperature 
tio than lll either of the two preceding juice head series. Sec-
C n C of Table 2 gives .the e ·ential data from this series and 
t . urve C of Fjgure 8 plotted from this table shows the r eia-1ons f · . ' ' 
of th 0 JUi~e head to heat transmission graphically. All three 
th ese series were performed with water instead of juice for 
k e reason that it would have been practically impossible to . tt:~p t~e density of the juice constant, With varying depths, 
h this would have introduced a second variable which would 
ave mad .. 
brok e. it impossible to isolate the ~ffect of "head."· The 
th en straight lines in each of the three curves, Figure 8, show 
nee dtheoretical variation of heat transmission with change o.f 
be: ' calculated by the method shown on page 8, this line 
in g drawn through the highest point of the experimental curve 
lf each case. 'l'he ordinates in these curves represent pounds 
Water p · 
tau . er square foot of heating surface per hour, per degree 
shouia:-d it may seem that ''coefficient of heat transmission'' 
that b have been used instead. pon thought it will be seen 
was t:th would have given the same form of eurve, though it 
<ileari o~ght that pounds of water would be understood more 
Y lll the graphical representation. 
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HEIGHT Q,&" ,J U/CE /lQOve LONER rvpc P'-RrE. ttv'CHES 
11ciit F10u1rn . urves showing tho lnf-l uence of "h eight of boiling" upon transmission. Water boiled In each serf s. urY· A. Evaporator A (l"igure 4) . team pr ssure a l out 3.75" rnerc Vacuum in vapor space about 3". Ill 
B. Evaporator D (Figure 7) . Steam pressure atmosph ric. vacu uJJI 
vapor space, 8". t .,5•. 
· C. Evaporato~ D. t am 21"· vacuum. Vacuum In vapor space, aboU • 
In eri es A (sec curve A) it will be noted that the maxillloJ!l 
capacity was attained with about 7" head-that is, with tbe 
urface of the liquid in the neighborhood of one-third the Iengtb f h dfot o th e tubes above th lower tube plate ; in fact, the e~ tbB 
maximuJ!! capacity was better defin ed in this series than in-were 
other two, for the r eason that a greater number of tests. 'tis 
ma d with heads near that for maximum capacity. I-Ioweve•' 1 ds 
clear that th e higl1 est point in curves B and C are both with hell 0• b tween 12" and 18" and thus showing that the maximum ca~llbt 
ity was obtain ed with b ads one-quarter to one-third tl.1e h0;!o. 
of the tubes. The curves show a very rapid decrease JU ca Jll 
i y as the h ad i~ reduced below that givi.ng the ma1drn:r, 
capacity. This is due to the fact that with the low heads pnot 
tions of the beating surface at the tops of the tubes are '()11 
effective, b ing uncovered by liquid: Th e unsubmerged port! o! 
o£ the beating surfa e will transmit only a small amount 
.. ·l 
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heat fro h . 
Which ~ t e steam on the one side to vapor on the other side 
tr .will superheat th e latter. The mall amount of heat 
ansm1tted · th' · f su lil is way is shown by the very small amount o 
T:.ez:Jieat in the tests, where the head carried was a minimum. 
"' is data is not included in T able 2, but may be found in the 
.,eneral tabl (1) d in . e , columns 3,· 6, and 13. The mmimum hea 
sh section B of the juice head te ts was in test 131. Calculation 
~. ows t hat in this test the vapors risin ()' from the boiljn~ liquid 
n'e11e . 0 . .... 
12,, 1 s
uperhea ted only 2.1 °, while in the next test (132), with 
With lead, .the vapor were superheated only 0.2°. Other tests 
he t Pracbc
ally the same condition show practically no supe1:-
a I t . ·n . . for h wi be noted that all three curve are straight lines 
sirn'J eads greater than that for maximum capacity, and are thus 
.A 
1 
ar to the th eoretical in tbi r e pect. The fact that curves 
du and B are lower than the theoretical indicates the actual loss 
e to hi "'h b ·1· the . "' 01 mg to be gr eater than the theoretical. In A 
headmaxnnum coefficient of heat traru ~i sion was 976 with a 
that .0f 7", ·whereas 'th e minimum was 490 with a head of 24"-
'I'h is, a loss of 49.8'.fc by incr ea ing the head from 7" to 24". 
e actual ffi · 24" h ·Co c1ent was ·also 27.1 0 less than the theoretical at 
- i 13eaa. Similarl
y, the lowest coeffi cient-that is with 54" head 
11 Was 44 7 b · 
retie 11 · o elow the mfl
ximum and 31. % below the theo-
a owest I in.a ... · · n the minimum, at 54" head, was 423 below the 
,,1niurn Tl . . 
in th · 1e C ser1 c.ld'f red from the other two, h owever ,. 
'I'he at the theor etical curve almost coincides with the a'Ctual. 
reason for th . . . . h' 
sel'ie is i not ap par nt. It will be n oted that m t is 
half ththe. average vaporation coefficient , wa little more than 
sonietl ~t in the at.her two erie and· perhaps thi may have had 
recoi·a1 1~g to do with it. As alr ady ex.Plained, the heads as 
the . ~ wer e measur cl in the juice gage glfls . The level of Juice a . 
Peal'cd 1 .' < s v
iewed through the sight glas es, generally ap-
Pendin iigher than shown in the ga.ge gla , the difference d e-
the a tg Ul pon tl e rate of evapor ation. It may be pos ible that 
e na he d . 
rates . a was gr 'ater than that r orded with the higher 
betwe of evaporation, which would account for the difference 
en the th" · · 1 f the co· . "oreti ca and actual curve. in A and B; also ·or · 
rat' incidence of th two curve in C "·her the rates of evap.o-1on we 
re r elatively mall. 
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TEMPERATURE LEVELS-EFFECT UPON HEAT TRANSMISSION· 
In the introduction attention was called to the fact that the 
coefficient of heat transmission .· is less in the last body of ~ 
multiple effect than in preceding bodies. It was also stated tha 
among the factors possibly responsible for this may be gre.at~ 
density of juice, less clean heating surface, more ai: zn~e h 
with the heating steam (due to the greater leakage with h~S 
vacuum). Another factor is the lower density of the heatillg 
steam. According to accepted theory, heat is a form of rnolecll· 
lar vibration, and the greater the rapidity of vibration, .the 
higher the temperature; also the greater the velocity of vibrati~n, 
the greater the number of molecular impacts against the beati~g 
surface and the greater the heat transmission. With lo~ densi~Y 
of heating steam the particles are far apart, hence there will 6 
fewer impacts and therefore less heat transmission per unit are~ 
In order to get experimental data showing the variation ~ 
heat transmission at different temperature levels, three series.~ 
tests were made, in each of which series tests were made ~ 
temperature in calandria va~ying bet~een limits that. would ~Jl· 
elude .the temperature usually existing in the different calandr1: 
of multiple evaporators. These three series include tests 52 t-
57, 99 to 102, and 158 to 162,. designated A, B, and C, respec 
ively. 
· The A series was made with the calandria having no do~ 
take and with tubes 1%" x 24" (see Figure 5) ; the B seri 
with the downtake calandria having tubes 1%" :x 24" .(see Fig:: 
6) ; and the C series with the 4' calandria (see Figure 7~ · ill 
more important data obtained from the three series is grven 88 Table 3. It will be noted that the average temperature fall ~ g 
practically the same in each series, the principal variable bein 
temperature in calandria, or, what is the same thing, press~ 
in calandria. All other conditions were kept as nearly constaJlel 
during a series as was possible. The effect of temperature le" 
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TABLE 3 . 
.. 
I nftuence of T emperature L evel upon Heat Transmission. 
--I_ 2 3 4 5 6 7 8 
:; . .. .. .. + 6.0 6.215 222.45 21.54 12 .754 
5537: :::... + 4.0 7.49 218.00 20.00 12 
.747 
+ 2.0 8.96 216.50 20.90 12 .776 
54. . .... . - t.4 11.72 207.70 19.50 12 .556 
55 . ..... . - 7.45 15.32 197.40 19.18 12 .495 
~ -10.8 17.83 188.10 18.30 12 .412 ~~~--.....!~__:__:__.L_::..:.....:_:.::...:.___!_~::..:.....:__J__::.~.L_~~__L~ 
723 
819 
729 
607 
537 
463 
(B) 
l~~.. . . . . . + 5.99 0.10 222 
101 . . . . . . . - .04 8.53 213.7 
102 .. .. ... - 8.50 15.85 193.6 
10.0 
18.1 
17.8 
21.0 
16 
~6 
16 
16 
.928 1019 
.711 777 
.709 775 
.600 647 ...........:..:~15.90 21.86 172.8 ·-~--!.~~-_.!._~~-_.!._-~~!__ _ _.!__~ _ _.!.__~ 
(C) 
158 
159... .. -17.54 23.1 168.1 22.2 24 
160 ... .. .. -15.41 20.8 178.2 21.9 24 
161'.... -10.61 17.7 191.6 21.6 24 
162.... . .. - 2.5 11.8 208.5 20.75 24 
~+ 6.0_2 6.14 222.5 21.9 24 
V'alues 
V'aJu marked + mean a bove atmospheric pressure. 
es marked - m an below 'I tmo$pherlc pressure. 
.440 
.450 
.520 
.599 
.705 
478 
525 
575 
662 
784 
~:n heat transrnissfon·is shown in Figure 9, where correspond-
oth values from columns 4 and 7 have been plotted against each 
be er and curves drawn for each of the three series. It will 
·arenot~d that the direction and inclination of the tqree curves 
q1ute · · ture . similar, thus checking well. Assume that the tempera.. 
quad in the calandrias of the la t bodies of doubles, triples, and 
the fi:uples are as marked 2, 3, and 4 respectively at the . top of 
tein 15Ure- that is, 190°, 180° and 175°-also that 224° is the 
cnr Perature in the first body with eitlier type. From the three 
Ves we find th . . . in th at the average coefficient of heat transm1ss10n 
e second body of a double effect would be about 65% of that 
40 
in tl first body. In th e same mann r, the coefficient of beat 
transmission in the last body of a triple would be about 60% 
and in the last bqdy of a qua<lruple about 58% of that in t he first 
bOdy. F our factors-viz., · d nsity of juice, cl anncss of heating 
surfa e, air in steam, and density of steam or vapor-have been 
nam d as pos ible causes of the low coefficient of heat trans-
mission in the latter bodies of a vacuum evaporator. In tbiS 
connection it should be noted that two of these factors were 
elirrUnRted in these test -viz., den ·ity of juice and cleanness of 
hea ting urface. Water was used during all the tests, so that the 
d n.sity (also the cl anne s of heating surface) r emained. un· 
changed · throughout the series. Thus the variation in the co-
efficient mu t be due to the variation in the quantity of air in 
the alandria, to the variation in th e density of th e steam or to 
both of them combined. It will be noted that the height in the 
three curves varies considerably. This is probably due to the 
fa t th at different types of calandrias were used in the three 
serie . Thi will be tak n up more at length furthee on in 
the li ·cussion. 
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T£MffRATt/RE 5T£AM IN.CALANOli'/A D£6ReE~ l"AHRENHEIT ' 
Jl'IGURE 9. urves. showing th lnOuence of "temperatu re l evel " upon heat ti·ansmlsslon. Water boil ed In each series. 
A. Evaporator B. Juice h eacl 12". T emp. fall, about l 9.5° · 
B. Evapor< .tor C. Jule head 16". '.I' mp. fn.11, a.bout 19 ° -
Evapora tor D. Juice hca cl 24 ". T mp. fall, about 21 • . 
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AJR IN 
THE HEATING TEAM-EFFECT U PO ~ IIEAT TR.\.NSMISSION. 
Dnder the l1ead .of ' ' 'l.'emperature levels ' in the pa()'es just 
P.recedin ()' th ' . . o d 
.,, e re ults of experiments were given showm 00' a e-
crc 
· 
ev ase of heat transmis ion in the latter bodies of mul.t
iple 
ste:Porators du e to low steam den ity, the pre ence of air in
. the 
rn , or to both combined. In an attempt to get further data
 
upon thi · . . . 
· 
of s qucst10n an d to determm e 1f po ible the proport
ion 
resp0 "b ·l· ns1 I ity of each of these two factors, a series of tests 
Was mad 
. 
to h c to determin'e the eff ct of air in the steam supp
lled 
8 ~ e calandria upon the coefficient of heat transmission. This 
i eriTes includ d t sts 36 to 51 full data for which will be found
 
n able 4 I ' d · w · n all of thes tests the vacuum in the calan ria
 
as const t . 
ab an at about 12.5" and the vacuum m: tlrn vapor space
 
out 22" . · . f: . . l 
as ' Ill :act, all condition were kept con tant, as ne
ar Y 
Was Poss"bl · · · · l 
cal . 1 e, except the quantity of air with the steam rn
 t rn 
anclria 'l' . h 11 
cona· . '· o a casu al ob erver it " ·oulQ. have appeared t at a 
\'a . itions were con tant. The amount of air in the calandria 
was 
riecl niainl · f 
h 
concl c · Y m two way -viz., by varying the peed o 
t & 
to a ~en~ate pump (see M, Figure 3) and, where it was desired 
'CtUlit large t· · f · · i· htl 
· 
cock ' quan ities o mr, by opemng very s ig y an
 air 
ain connected with th e manom ter L. Th.e mean by which
 the 
oun,t of . . . 
d 
l\s 1 air m the o
;;team was measured -MU now be explame . 
tain:~c:dy explained, the temperature in the caJ.andria was ob-
the b Y means of the two thermometer (J and K ), one near 
me t o~to:rn and the oth r near the top. In preliminary expflri-
n sit, f 
by . the e vas ouod that the average of th temperatur r ecotacd
 
stea thermom eters wa often lower than that of atur
ated 
' U1 Corre ·po a· f · bl :P0~ n mg to th pres ure, as ound m steam ta es. exa111p' . 
of ti. . : m t e t 15 (see '!'able 1 ) we haY an sxtr.eme case 
29 60
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b kmcl, the tempeeature observed io the calandria being 
· · cl 
that h ' ow that of ·team at the pre ur . It was noted also
 
t IS d'fl' 
slow tl 1 ren was greater when the condensate pump 
ran 
cnce fia~ When it ran at high pe d, indicating that the pre ·-
o air had J · · d · calana . · ' ·omet nng to do with th r educe temperatur
e m 
r1a It · · 
of th · was al o found that the temperature at t he bot
tom 
e caland · f 1 in test 15 ria w
as o ten lower than at the top, as, for examp e, 
1670 noted above, where the temperature at the bottom wa
s 
and at th e top 1 9°, a difference of 22°. Utention has 
. 42 
already been called to the fact that the den~ity of air is greater 
than that of steam, and that the a1r naturally settles to the 1>0t-
tom, from whence it is removed by the condensate pump. 'l'~! 
method by which the quantity of air was measured was b~ 
upon Dalton's Law, which states that "the pressure of a mil· 
ture of air or . other gas and a vapor is the sum of t~~ 
pressures each would have if it occupied the same space alon°·. 
• dfl8 In other words, the pressure or vacuum gage on the calan 
shows the sum of the pressures due to steam ·and air. The telll· 
perature of the steam is that corresponding to its pressure, henee 
if the temperature of the mixture is known it is easy to :find ~e 
partial pressure of the steam by referring to a steam table. ~ 
determining the pressure due to the steam in this manner an 
subtracting it from the sum of pressure as shown by the g~ 
we obtain the pressure due to the air. This method was used i.tl 
the experiments, the average of the temperatures at the bottoill 
and at the top of the calandria being taken as the temperature 
of the steam. Column 19 in Table 1 shows the difference· betweell 
the observed temperature and that corresponding to the press~e 
for saturated steam for all of the tests. It will be noted that; 
some instances the difference is marked +, indicating th~t to 
temperature of the steam was higher than that correspond1n~ 
8 the pressure for saturated steam. This could, of course, be . . 11
11 only to superheat. It will be noticed also that this con.d1t1~8 generally existed only in tests where the steam pressure. in ~ 
calandria was at least atmospheric, and therefore no inW 
leakage of air. 
1 . c 11· The more important results from the tests (36 to 51, in. 11 sive) made to determine the effect of air upon heat transroiss;i1 are presented in Table 4. Inspection of columns 7 and ~ iJl 
show the relation of air pressure in calandria to evaporation ta 
pounds per square foot of beating surface per hour. The d~ r 
in these two columns is shown graphically in F igure 10. In or ~ 
to fully realize the significance of this curve and the data f~Ogs 
which it was ~lotted it should be remembered that the read~re 
of the calandr1a vacuum gage and vapor space·vacuum gage w f 
the same in all of the tests. In addition .to varying the speed ~ 
the condensate pump and admitting air through a pet coc 
43 
~re~d~ mentioned, in v~rying the quantity of air in the calandria 
e mJection of water into the suction pipe of the condesate pump 
'Was also employed. In order to get the most effective removal of 
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AIR PRESSURE IN CALANDRIA, . 
/NCHcS OF Mcli'CURY 
F IGURE 10. Influence of air in heating steam 
Upon evaporating capacity. Water boiled in a ll 
t ests. 
j Evaporator A. Steam 1
2.5" vacuum. Vacuum 
n vapor spa ce 22". H ad 12". 
:~rt~t Was nec~ssary to use injection in thi~ manner. Column 10 
to the table states conditions in regard to these points. Referring 
llea e curve (Figure 10) it is seen that the plotted points are very 
r the.smooth curve, also that the decrease in capacity is very 
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rapid with. small additions of air, the evaporation varying froJJl 
4 to ] 9 pounds of water per square foot per hour, due to 
changing the air pressure from ·8 to 0 inches of mercury. Ml 
air pressure egual to l" of mercury caused the evaporation to be 
reduced from 19.2 to 14 pounds-that is, a reduction of about 
27 %. The effect of air in reducing the coefficient of heat trans· 
mis ion is sl10wn graphically in the curves of Figure 11. Curve A 
TABLE 4. 
I nfluence of Air ' in the H eating Steam u11on H eat '.l'ransmission. 
1 2 3 4 5 
µ;; 
..: 
"' 
bii . ;; 
>. ... ~ "' 0 0 P. .... 
. A. 6 ol -::i oi "' ~e ~ :>~ ~ -;::: 
"' .SS Q - .... "' 
-8 ci. cl a ~~ .... ... s "'-Ul 
" "" 
..... .. 
"' ~lll "' <" E-< p.H E-<
44 ,12.44 22. 02 34. 8 186.6 
36 12.4 2 22.09 37.4 186.4 
51 12.47 22.07 35.0 186.0 
50 12.45 21.93 32.8 185 .0 
49 12.43 21.72 29 .6 183.0 
43 12.44 22.01 30.2 182.5 
45 12. 43 22.02 30.1 182.3 
38 12.49 21.92 30. 2 182.2 
42 12.40 22.01 23. 71177. 7 
37 12.46 22.21 24.6 176.7 
39 12.4 7 22 .02 30.6 173. 0 
47 12 .4 3)2 1.86 20 .1 173 .1 
46 12.47 22. 00 19.9 171.9 
41 12.41 22.1 2 19.9 171.9 
40 12.49 22.12 16. 9 168. 9 
48 12.4 9 22.02 15.8 167. 8 
6 
't1 .,,_
.: ., 
0 ... 
A::i 
lllrn 
"' ui t f! cd 
€ p.·c 
o "' 
. .... Q 
61lll-"1 Q ol ~ ·'"'" 
186.51 
186.4 
186.2 
186.3 
186.3 
~ 6. 5 
186.4 
186.4 
186.4 
7 8 .9 10 
--I ~ I - i.... 
I ~ 1 ~ "' 'g ~ Q~ ci . 
• .-4 ul ;it: fS ol . 
., ... 
a> .,: A . o+-> J-,~ ro er <)+.> R emarks ::l :>Ul -c ~ ~cd Q,) f.-1 
e·t:: J-, 8.J.-1 ., .c: ........ 
e-g ~ ui g ol Q 0. "' <."l ~:e.c: ~·a 
.02 
.00 
9 ol I . J .1 594 ,Alr coclc c losed . Injection. 
18.50 533 Inj ctlon into condensate pu!llP. 
uon. · 
.03 16 .70 460 A.Jr coclc closed. No injec 
. 50 14 .70 46.4 Same . 
1. 23 14.90 487 Sa m. 
1.50 13.00 407 Air cock c losed. No !njec 
1. 53 12:2 0, 385 Air coclc open s lig htly. 
j ect!on. 
1.56 301 1No in ect!on. 
3.05 .96 open. 298 ,Air coclc slightly 
186. 31 3. 38 
j ection. 
8. 86 318 No injection. 
186.414. 51 
186 .4 14.491 
186 .4 4. 83 
186. 6 4.89 
186.4 5. 77 
186. 3 5.97 
8.14 258\Air cock slightly open. 
j ec t!on. 
7 .4 5 241 Sam ·. 
7 .70 240 Same. 
5.73 179 .Air cock s lightly open 
0 6. 71215 1Sam e. 
4.61 114 5 
tha n In test 39. No Jnj 
- rnore 
ectfOll· 
No 111· Air cock s lig htly open . 
I I I I j ect!on . 
---is ba ed upon the oefficient of heat transmission calculated as 
explained on pag 25;--that i •, by dividing the B. 'I'. U. tra~s· 
. d d 111 D?-itted per sq . ft. per hour by the temperature fall as recor e b0 
column 4 of T·able 4. It may therefore be designated as t. 
curvQ of "actual coefficient of heat transmission." Curve B 18 
45 
based upon a slightly different calculation in that
 the B. T. U. 
transmitted per sq. ft. per hour j ~ divided in each case by the 
temperature fall obtained by subtractincr the temp
erature in the 
Yap o 
. or space from the temp rature corresponding to
 the pressure 
lll the calandria in tead of from the actual observe
d temperature 
a.~d _'Vill be designated as the ''apparent coefficient of heat trans-
mission' ' curve. As will be seeri, the reduction in
 capacity due 
dto the Pre
sence of air is composed of two factors--:viz., (1) a re-
Uct" · . . ion m the temperature fall a hown by Figure 12, an
d (2) a 
reducti · ' 
· 
d . on lll the heat tr.<insmis ion per degree ~all-that is, a re-
duction of the coefficient of heat transmis. ion du
e to the non-
Ucting film of afr next to the tubes. urve B sh
ows foe Iat-
tfer quantity-that 
0
is oefficient of heat tran mission as af-
ected b · ' ·. 
1 1 
a Y air pres~ure. Smee curve A shows the tota oss as
 
t fl:ected by air pressure, it is evident that the loss d
ue to r educed 
bernperature fall is represented by the length of
 the ordinates 
etween curves A and B. The e value have been r
eplotted and 
tchurve C drawn . T
his curve therefore hows the reduction in 
e ' 
' 
f number of B. 'I'. U. tran mitted per sq. foot of h
eating sur-
~cc Per hour per degree difference clue to reduced temperature, 
With "Varying air pres ures. 
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A1R PHcSSvRE, l.VCHE:S O/' MERCURY 
FIGURE 11. Influence of air In steam upon 
the co fficl ent of heat transmission (see also 
Figure 10. 
Curve A. Combined effect of "air film" and 
decreased t emperature fall. 
Curve B. Et'Cect of "air film." 
Curve C. Loss due to reduced temperature 
fall. 
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FIGURE 12. R eduction of temperature fall 
as affeet d "by air Jn the heating steam. 2S2t~,am 12.5" vacuum. Vacuum In vapor space, 
. H ead 12". 
l'>ENSITY OF STEAM. 
The the . . . 
trans . . ory regardmg the reduction of the coefficient of heat 
ll11ss1on 'th · d J>age 38 w1 reduced densities of steam
 was d1scusse on 
lJ'igu · Dnder the head of· '' .Air in Calandria, '' curve .A of 
re 11 l . 
efl:ect f ' a so column 9 of Table 4, was given as showmg the 
0 VaMr' • the cal .,, ing the amount of air in the steam supplied to 
lllade a~dria Upon heat transmission . .As this series of tests was 
cleann With constant conditions ·as r egards density of steam, 
htthe ess of heating surface and density of juice, the variation 
coeffi · · 
c1ent for the different t ests may be attributed solely 
48 
to the variation in the amount of ai r present. By comparing 
the coeffi cients obta.lned in this series where the density is lo~, 
due to the vacuum carried (about 12.5 inche of roercurY d 
with other te ts where the density of the steam was greater an 
where there wa also no air, some idea of the effect of ste~ 
density may be obta in ed. In '.l.'able 4 there were five tests 111 
which th ere was no air present, the average coefficient being 
507 (actual) an d the temperature in the ca1amlria J86°, corres· 
ponding . to a den. i ty of . 025 ( e st~am table). By referriDI 
to column 22 of 'rable 1 it will be seen that th ere are m81l1 
t stswith coeffici. nts gr at r than this, in fact some of thern go 
Hf:. high a 900 and 1000 with a maximum of 1100. In. evez. 
-!!a e these larger coefficients accompany steam densities in c 
anclria greater than the av rage (.025) given above. d 
. Some 5 tests with coefficients varying from 400 to 1100 aned 
in which there was little or no air in the c·alandria ~ere select t 
from 1'able 1 and coefficients of heat transmission plotted agaio: 
--density of steam. The curve in Fi ·ure 13 is the r e511lt. All oft e 
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RTGUREl 13. Influence or steam density upon the coefflci nt or 11 eat 
miss ion. 
trflll,.. 
tests selected were made with water instead of juice. In othC~; 
spects, however, th re was some variation of conditions, especia 118 
as regard head and type of calandria,.· For the e r easons t t-
points from which the curve was drawn are pretty well sea 
49 
tered th · · 
n't 1 ' . ough, the
 general direction of the curve is rathe.r defi-
1 ey md· . in 1 icated. Th
e density of the steam is usually, say .024 
th t~e calandria of th~ last body of a triple .and, say .045 in 
the ri;t body. From Figure 13 we find that the cofficients for 
ese two d · · · · Th' lndi ens1bes are about 560 and 800 r espectively. is 
80 cates a great effect attributab
le to density of steam and 
mewhat out f · · h · · F' 9 Wh o proportion wit t he curves given m • 1gure 
to ~~e the v~riation in heat transmission is supposed to be due 
th e combi.ned effects of not only
 the density of steam but to 
e pr . 
"'' . esence of air as well-that is · the coefficient of heat trans-
"11ss10 · ' -
th d'n Ill the last body is 70% of that in the first body, due to 
co effi 1.fference in the density of the steam. In Figure 14 the 
in eth:ients for all of the ''Temperature Level'' tests inclu~e~ 
d three curves A, B and C of F
igure 9 are plotted agamst 
ensity f · 
brok ~.steam and an average curve d.rawn (full line). The 
due ~n h~e curve in Figure 14 is the curve of Figure 13 repro-
e which, as will be noticed, almost coincides with the full 
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DcNS!TY OF .5TEAM, PbvNO.S PER Cve1c roar. 
tnl F'rauall 14 
cu:$lon. BraJ· In_nuence of st am density upon the coefficient of heat trans- ·
 
V s Jn p 1.,.,,cen line same as In Figure 13. Ful
l line, average of the three 
. 
o~ro 9. 
line cur . . . . 
tran . '1e . It is po sible that some of the fallmg off m heat 
sni1ssio 
enc · n as shown by these curves may be due to the pres-
non: 
0! air as well as to varying steam densities, though in 
0 
the tests used in these curves was it possible to detect 
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_air by the methods used in these tests. It is admitted also that 
.the method may not be extremely accurate, though . it is prob· 
ably the best that can be used with an· apparatus working, as 
this evaporator does, under conditions practically the same as 
in practice. 
DENSITY OF BOILING LIQUID. 
It is generally understood that the coefficient of heat trans· 
mission is greater with thin liquids and water than with denser 
liquids. This is, in all probability, due in part, at lea~t, to the 
:fact that with thicker liquids the circulation is not so go~ 
The~, ~oo,. the r~ista~ce to the transfer of heat from metal -W~d 
to hqmd 1s poss1bly mcreased by the· greater amount of so f 
mattei: in the thicker liquids. In order to isolate the effect 0 
juice density upon beat transmissiou, two series. of tests were 
made in which an attempt was made t0 keep all other conditio~ 
constant. The principal data of these two series-marked 
and B-are given in Table 5. The <iensity of the juice '": 
varied within limits that would include densities likely to 
/ used in evaporators-viz. , 8.8 Brix to 67.3 Brix. Series .A. w~s 
made with evaporator B, Figure 5-that is, with the calandr: 
having no downtake and with tubes 1%" x 24". Series B "'·s 
made with evaporator C, Figure 6--that is, with a. c~lan~:e 
the same as th e above except th at it had a downtake m it'. be 
results of these two series of tests are shown graphically in. t IY 
two curves of Figure 15. These two curves were plotted waiJlts 
from columns 6 and 8 of Table 5. In addition to the da ill 
in this table, however, the average of the coefficients found all" 
the tests recorded in Table "6 and made with the same two cal 11 drias, were used in locating the curve. In these tests wa.ter 0~be 
was used, hence the density was zero. TP.e upper ends of eS 
curves in Figure 15 are in the points plotted from the a-veragge 
mentioned. The two points thus plotted are shown by the la~l)S 
circles. It will be noted that the two curves are parallel, tdlle 
checking well. That curve B is above curve A is doubtless et 
to the difference in the form of the cala.:ndrias used, the forJJl n· 
having a downtake and the latter no downtake. With the do~ Il 
• •8810 take calandria-curve B- the coefficient of heat transrn1 
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o~NS1ry or JUICE, OcG"Rcc.S 8Ra 
clent F'f<rhGURE 15. Influence of density of juice upon the coeffl -
o eat transmission. 
v A. Evaporator B (no down take) . Steam, atmospheric. 
acuum, about 10". H ead, 16". 
VaB. Eva porato r C (with downtake) . Steam, atmospheric. 
cuum, about 16". H ead, 16". 
-for den 't· . 
1 si ies of 10 and 50 are 750 and 625 r es
pectively-that is, 
: .83 . . ' 
l'at' . · Since the lower curve is parallel to the upper one, the 
th 
10 
is Practically the same for it. It should be mentioned that 
sole 1 reduction in heat 
transmission shown in this series is due 
of et~ to the.increased density of the liquid and not to t'.ny fouling 
<>f the heating surface. The heating surface was clean in all 
e tests. 
I. 
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TABLE 5. 
I nfluence of Juice D ensity on Heat Transmission. 
1 3 8 ?. 6 7 4 5 '-' 
~ ~ - ... ... I .,, ... g 8...: ., 2- ~ ... ol rJi ~ - "' ~a ~ ..: ol., f...;~ >::'il bD 0"' ., o<> ., -i:: ., o""''tl ~,g 
.s;:g .,, H ... p. . i:: .; ~ .& bD cd g' ~ .... ~ Q) ,, ,,; ·- i:: o<J .,, > ., &a 0 ... i:: H ""- Q) ... p, :: H s . ..... <JP, I» 
"' z "' ::>"' . ,.: ~M ~~~- u '. ... ., <I! ;:1<> P.,s:: .,,., "'·-en ... - ool s <J <J.O i:; ... ~vi o'd P..-9 ol 0. ~µ, .,;:> AIQ ~a~~ "' >"' ~...., L3.-8 * 
(A) 
1 20 ........ - .1 17.43 49.6 ! 16 8.8 .608 
661 
585 121 ........ - .01 15.04 39.7 16 9.3 .53 '/ 601 122 . .... • .. - .02 16 .53 47 .l 1 6 9.4 .556 578 108 ....... • 
-
.11 17.33 48.2 16 30.8 .519 5SO 107 .. . ..... - .11 16.61 39.5 16 3'5.7 .4 61 42H 110 ........ - 16.7 25.51 45.3 16 4 8.4 .399 
.!---"'" 
(B) 
- .623 683 78 ... .. . .. + .04 9.17 17.8 16 17.5 10s 86...... . . + .04 9.36 18.4 16 21.0 .642 19s 77.... . ... + .22 9.36 17.4 16 22.0 .672 716 
76 .. .. .... + .1 9.13 16.3 16 28.2 .650 &50 
~~:::::::: t :~2 ;::~ i~:~ i~ :::: I :~~ : :~: 
85.... . ... + .0 8 9.55 17.8 16 39.6 .657 66s 7 4. ·.·..... + .18 9.73 16.3 16 40.8 .588 566 ~7_3_ .. _._·_· _··_·-'--+~_·_os~"'---1_i._8_9-'~2-2_.5~'---16~"'---6-7._3--'-I ~
•Above or below atmospheric pressur . 
tCorr cted for eff c t due to low dens ity of steam. 
A. Evaporator B (w ithout downtalcc) . 
B. Evaporator C (with down lake) . 
EFFECT OF SUPERHEAT IN STEAM ON HEAT TRANSMISSIO:N°· 
On page 15 attention ?Vas called to the fact that it is hel~; 
some that with superheated steam in the calandria, the coeffic~tf 
of heat transmission is reduced. The superheat usually res bf 
when live steam· is used, due to the reduction of pressure 
throttling. In order to ·obtain data regarding the effect of suPe:; 
heat, two series of tests were made, the first (A) including t~ 
87 to 92 and the second (B) including t ests 93 to 98. The priJlf 
cipal data from these tests are given in Table 6. Examinatio.n ° 
this table will show that all'conditions except superheat (colu: 
8) we.re maintained practically constant. Steam at about 80 1 
53 
g~ge.was throttled at the valve F (Figure 3) to practically atmos-~ er:c Pressure. This reduction in pressure resulted in the super-
eating of th t b · · · · t th. e s eam a out 30°. By mJectmg water spray m o (~~ superheated steam in varying quantities through the pipe W 
c 1
1
gure 3) the superheat was varied from 3.9° to· 31.7° (see 
;. U1lJ.n 8) · Series A was made with the arr angement shown in 
a 
1 ~ur~ 5-that is, with the calandria having tubes 1%" x 24" 
hn With no downtake. Series B was made w
ith the arrangement 
S OWn . . 
d. in Figure 6, the same as Figure 5
, except that there was a 
0Wntake · th · 
sh m e ·calandria. The results of the two senes are 
th own graphically in the two curves of Figure 16, A being for 
t e tests With the calandria having no downtake and B for the t:st~ of the calandria with a downtake. The curves are prac-
1. led~ ly horizontal and parallel thus checking each other and n icat· · ' Ing that the coefficient of heat transmission is not affected 
,._ 
r--~ 
t--~ 
,..__ 
l. ,. 
• 
- . 
-
...__ b ) 
0 
r--~ b 0 
t---
-----
~ 
10 l:J .eo 30 
SuPCRHEA7, DEGREE~ 154HHENHEIT 
tnl F'iouaE 1 
Salon. 6. Influence of quality of steam upon co fficient of heat trans-
ll A.. <Lo 
ead 16" ; er curve..) Evaporator B. Steam, atmospheric. Vacuum, 9.7". 
ll B. (.tr o downtake. . 
ead 16" PWPer curve. ) Evaporator c. Steam, atmosph ric. Vacuum, 9.7". 
· lth downtake. 
by vary· ·. . . . 
ste Ing the superheat in the steam. Accordmg to this, hve 
capain. should give as good r esults as exhaust steam, as far as 
cu aeity is concerned. The difference in the height of the two 
rves is b . . . ./! h 
cal . Pro ably due to the difference m the design OJ. t e 
andrias, one having a downtake, the other. not having one . . 
• 
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TABLE 6. 
I nfluence of Quality of Steam on H eat Transmission. 
1 2 3 5 6 7 8 9 
b ... I ... ..9 rd~~ &s.: ui ., ..: o! J;:.; .; 2 Pi!H ~ ~~ oj<V b1l s.s:: s e~$ >~ ., .9.:1 ~~ cd ill) o>i:S "' ,s::l .$\ .!::~ 'O ., 'O &c>~ ~ oi .., ~i C::vi - "'cd" <IJk ~ ~<d <ll vi ·-c:: Cii 0.., .<:: ...; ,.. a ' H .0 o! ..... -
.S& cd ci ::lH E • .... o!'P. 0 ... 
"' 
.,~~ ti" 'O z "' ::>"' .,.: •C:: a..,· .<::. ~ ,P.. il~ !fJ oj" a o P..s=: 'O., P.oj ..... 
.., 
.... - oo! E'" o! .0 s- E.E:< .,-;a ..,>t/li.: (I)"' 
"' p..,a '""" 
Q) :::I 
., lS gll< .aa.a 8" 
"' > ' ~~ /I1.., ~ p. !:::~ E-< * E-< Ul 
(A) 
l 0. 596 653 89....... .0 9.72 20.7 16 213.9 216.5 4.5 66s 91. ...... .o 9.69 20.0 16 213.2 211.0 5.o o.556 6 •• 0.576 •• 87 ....... + .1 9.73 20 .6 16 214.0 220.1 8.1 0 667 621 
90.. .. ... .0 9.69 20.5 16 214.0 227.1 15.1 I 
0
.
595 6
64 
88...... . .0 9.72 20.5 16 213.7 2~9.5 27.5 
0
·
58 6 
5Z3 
_9_2_._··-·-·-·~· _+_.0_·2_,___9_.s_o__,___2_0_.3----'-1_6_,___2_13_._6_,___2_3_9_.1_,__2_1._1-'-~·~:.:-i---
<B> 
0.511 771 9.48 1 5.5 16 209.5 215.9 3.9 7SS 
9.75 15.5 16 209 .1 216.0 4.0 0.670 784 
8 16 . 0 2 2 5 2 0.717 9.6 14 .0 2 9.5 17. . 0.693 761 
9.58 14.8 16 208. 6 225.1 13.1 0 699 766 
95 .. ..... + .06 
94. ...... .o 
96 ....... - .04 
97....... .0 
98 . .. .... - .1 
93....... .0 
9.69 I 14.1 16 207. 8 233.2 21.2 I . 188 
9.11 19.o 16 212.3 I 243.7 31.7 o.~ 
~------'---"----!..._ _ __!. __ ~------'---"-----'~~ 
*Above or below atmospheric pressure. 
A. Evaporator B (without downtalre) . 
B. Evaporator C (with downtake ). 
VA.LUE OF THE DOWNTAKE. 
·1t with Most evaporators of the standard type are now bm f 
downtakes-that is, with a large central tube, the diameter 0 
which depends upon the diameter of the body itself. Some fe: 
builders, however, claim that there is little merit 'in downtak: 
and do not use them. The advantage claimed for the downta ~ 
is that it aids ~n juice circulation-that is, it defines the path 0 t 
circulation-and in this way increases the veloc\ty, the movernelld 
· ar being always downward through the downtake and upw 
through the tubes. Some few have claimed that the transverse area 
of the downtake should be equal to the combined transverse area 
. . l~ 
of all the tubes. This, · however, would result in a ·verY, a he 
diameter of body and high first cost. In average practice t 
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diainete f d in 1. r 
0 own take for, say, an 11 ft. body would be 34" to 38" 
c ia:rnet d . . 
about 18 er
 an this would give the downtake a transverse area 
In % of th_e total transver e area of the tubes. 
5 and ~~er to get data on this subject, two calandrias (Figure 
di igure 6) were constructed, one with a downtake 6" in 
aineter an l th h . . .. 
ev e ot er w1thout a downtake. · They were alike m 
66 e~~ ,~tl1 er respect. The calandria with the down take had 
8? 6 ~ tubes, the total transverse area of which was, therefore, 
· squa · in h re inches. The area of the downtake being 28.3 square 
c es w 3 
tests ' as 23 of the area of all the tubes. Several series of 
as .~ere made with these two calandrias under conditions such sib~1 make comparisons of the heat transmission in them pos-
the e.ff The tes ts recorded in Tables 5 and 6 show very clearly 
of Te beet of the downtake upon heat transmission. In the tests 
for a 1~ 5 the variable was juice density for both A and B, tha 
iner in th d · · d · With e owntake calandria and the latter on the calan rm tical~ut a downtake. Since the density· was varied through prac-
shonl~ !he same limits in both A and B, the variation in density 
tak ot affect the comparison as regards the val'ue of the down-
test . The average coefficient of heat transmission for the A 
the s 
1
1
8 563, while for the B tests it is 676. The coefficient for 
ca andria · 1 · f · h rar 's wit 1 and without downtakes are, there ore, m t e 
the 
10 
lOO: 83. This is shown graphically in Figure 15, where 
curve Bf l · · b C"r or tie tests on the downtake calandna is above t e 
" Ve .A_ f I or the tests on the calandria without a downtake. 
stea n the tests of Table 6, the variable wa? lluperheat in the 
'I'he in for both A and B, the former on the downtake calandria. 
'I'he range of superheat was practically the same in bath A and B. 
61:3 average coefficient of heat transmi
ssion for the A tests was 
favo;nd for the B tests 766-that is, in the ratio of 100 : 84 in 
e)(acu;f ~he downtake. This, it will be noticed, checks almost 
rio~it With the results from Table 5, as given above. The snpe-
sh0, Y of the downtake calandria, as shown by Table 6, is also 
.vn gr h" ing th ap ically by Figure 16, where B, the curve r epresent-
cala ri~·tests on the downtake calandria, is above A, that for the 
'llu.1:1a . h 
show wit out the downtake. Thus the two series of tests 
ni1· ~ . that the down take increased the ~oefficient of heat trans-
.:is1on 20 01 
10. The heating surface in the downtake calandria 
56 
w~~ 56 square feet and in that without the downtake 53.26 squa:6 
feet, hence the net transmission of heat in ·the downtake calandria 
53.26 . . 
would be 20 x -- = 19 % greater than that in the one withO\lt 
56 
a downtake, other conditions being equal. In view of the P~: 
ability that the reason for the increased heat transmission \VI 
downtakes is in the better circulation induced thereby, it was 
planned to make actual measurements of the velocities in the tuv: 
of both types. This was not accomplished, though it will be a 
tempted later. 
HEAT TRANSMISSION WITH 'l'UBES OF DIFFERENT DIMENSIONS· 
Figures 4 to 7 inclusive show the three types of calandri~ 
used in these tests, two of which, the one with tubes 1%"x24 
·son and one with tubes 2" x 48", had no downtakes. A compar1 
. ~~~ 
of the results obtained in the tests made on these two calanw• 
should give some idea as to the effect of varying the dia:rneter 
and the length of tubes upon hea;t transmiss10n. In order.: 
eliminate the effect of air in the steam, only the tests \Vl 
. se· pressures around or above atmospheric pressure have been 
lected from which to make thi$ comparison. In order to eliminate 
the effect of juice density only the tests made with water ha~ 
been selected. Table 7 gives the essential data from the test 
thus selected. It will be noted that the average coefficient of h;, 
transmi sion for the 24" calandria was 7 49 and that for the. bt 
calandria 731. . At first sight this would seem to show a sligaU 
advantage for the 24" calandria-that is, for the tubes of s:rn t 
diameter and short length. It should be noted, however, ~ag 
the pressure was somewhat greater in this calandria, thus givin 
it an advantage over the 48" cal.andria. The average presSure~ 
in the two calanclrias above the atmosphere were 2 pounds ~8 
.33 pound respectively, corresponding to steam densities of .03 t 
and .0377 respectively. Referring to Figure 14, we find thll• 
r educing the density of steam from .398 to .0377 reduces the 
57 
COefflcient of heat transmission .from 705 to 685 
(about). The 
correct d . 
. e coefficient .for the 24" calandria would, th
erefore, be 
685 
749x . 
. 
- = 729, as agamst 731 for the 48" calandna
. Thus it 
705 . 
:;:ears that the tests show about equal coefficie
nts for the two 
th es. The table also shows a difference of average
 "head" in 
lt e two calandrias, but as the ·heads in both cases are
 about what 
0~d be. carried in practice correetion is not necessary. 
is t lllay be assumed that the velocity of circulation 
in a tube 
to ~o:me function of the ratio of the heating surface of the tube 
di its transverse area. Since the water evaporated in the
 tube ~s 
.,. relctly proportional to its heating surface the r
atio sfated abov ' 
rrou db . ~ ' 
.t: • e eqmvalent to the ratio of ''water evapor
ated by the tubo 
'l.l\11ded b · t 
· 
fa Y 1 s transverse area.'' The area of the 
heatmg sur-
a ce of a 2" x 48" tube
 is 301 4 square inches and its transverse 
-· . . In l~s 3.14 square inches, hence the ratio is 301.4 + 3.14 = 95.9. 
a l:U ,~:manner, the ratio of heating surface to transverse area for 
tub 8 x 24" tube is 68.9. According to this theor
y, the 2" x 48" 
Iai ~' should have a greater velocity of circulation than · the 
78 x 24" t b 
ni· . u e and, therefore, a somewhat be
tter heat tra.ns-
1ss1on 0 th 
d 
. With · n . : other hand, the long tube ha
s to be operate 
tub greater Jlllce heads ·and this offsets the ab
ove. The long 
of t~ also may have the disadvantage of greater water flooding 
run de tubes than the shorter one, as all steam c
ondensed· has to 
own the entire length of the tube before it can lea
ve. 
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T .A.BLE 7. 
lnfhtence of Titbe Dimensions on Heat Tt·ansmission. 
1 2 
.., 
o:l 
., 
.s:l 
... a o.e 
d.~ 
-~S C)fJ] 
e~ 
.,.,. 
8--
(A) 24" Calandria. 
17. ............. .. ...... ................ 720 
22.... ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97'6 
23......................... . ............ 1054 
24. . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . 692 
25........ .. .... .. .... ...... .. ....... . .. 622 
27. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 84 
28. . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . 808 
29... ... .............. .... ... ....... .. .. 840 
30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 813 
52... ..... ........... ...... . ....... ..... 819 
66. . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . 823 
57. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . 729 
83. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 712 
84...................................... 734 87 .. .... . .... . ...... .. .... .............. 632 
88 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 664 
89....... . ...... .. ... ................... 653 
90. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 621 
91............ .. .... . ................... 663 
92. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623 
Aver .. .... ........ ....................... 749 
(B) 48" Calandrla. 
131 ........... . .......... .. .............• 
13 2 ......•. ........ ......... ....... ...... 
133 .. . . .... ........... .. . . . ...... ...•. .. . 
134 ..... . ............ . •... .. .. ..... . ..... 
135 .... ....... .... .. ................... . . 
161 ........ .. .................... ... .... . 
16 2 ...... . . .... .................... .. ... . 
163 ............................. ... . .... . 
164 .... . .......... . ....... . . .... . ... ..... . 
165 ....... . ... ..... .. . . .... .. .. ......... . 
166 . . ............................ .. . .... . 
Aver ...................... . ............. . 
•Above or below atmospheric pr ssure. 
A. Tubs 1% " x 24". 
B. Tubes 2" x 48". 
844 
1089 
900 
741 
576• 
652 
784 
623 
616 
b99 
717 
731 
3 
., 
,0 
~B 
·a ... 
•nC!> 
... ~~ o~H 
..,., . 
t&E 
·-.o o:l 
t1l o:i 'P. 
8 
10 
10 
14 
18 
7 
10 
8.5 
6.5 
12 
12 
12 
16 
16 
16 
16 
16 
16 
16 
16 
12.6 
12 
18 
24 
30 
36 
24 
24 
32 
32 
3~ 
24 
26.2 
4 
.5 
., . 
~E rr. 
!/l e i p.-
.d ~.: . 4> ~~ (j) 5,i 
• 
.71 
s.58 
3.6 
3,64 
.s.8Z 
2.98 
3,03 
3.58 
s.7 
4 
6 
2 
.08 
.o• 
,01 
.o 
.0 
.o 
.0 
i.02 
~ 
---,08 
.12 
.0 
,01 
,06 
2.5 
6.02 
.oz 
.1 
.19 
.04 
~ 
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ENTRA.I TMENT. 
METHODS EMPLOYED. 
"' As already explained, any juice carried over by ent
rainment 
as caught . 
. 
se in the separator or catchall Q (see Figu
re 3). This 
Parator 'wh' h . .
 
and kno ' ic 1s manufactured by the O
hio Blower Company, 
fa t Wn as the Swartwout separator, wa 
loaned by the manu-
c urers It . h 
. 
. 
d . · is s own in section in Figure
 17. This separator is 
es1gned f . 
· 
. 
surf or use as an 011 separator betwe
en steam engmes and 
Wh' ~~condensers. Thus it will be seen that t:\1e conditfons for 
ic it was designed are similar to those in
 vacuum sugar ap-
to le°F'f•tr.aunFJ 17. 
' 
Sectional view of sepa ra tor, Q in Figure
 3. Vapors flow right 
Paratus Th 
trifu al. c separation of liquid from ste
am is effected by cen-
the s g force. The mixture of steam and
 liquid upon entering 
eparato · · 
· 1 
shown . r is given a whirling motion by
 means of the spira s 
liquid in t~e figure.. This whirling motion causes the heavier 
it dr _Particles to be thrown to the circum
ference, from whence 
a1ns d 
. 
caught . own to the receptacle at the
 bottom. The liquor 
the in the separator was removed from the
 separator during 
0Peratio f . tw0 v 1 n o
 the evaporator, 1f necessary, by means
 of the 
Tha Ves D and the long pipe. 
in a e vapors passing on through the sep
arator were condensed 
surfac 
diluted e. condenser, hence the c0nden
sed vapors were not 
Possibl by direct {)Ontact with the cooling waters. 
This made 
e lllore accurate determinations of the sug
ar lost in same. 
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As already stated, the object of the entrainment tests was to 
determine the effect upon entrainment due to varying the rates 
of boiling, the height of boiling, the length and diameter of tubes, 
the vacuum and velocity of vapors in the vapor flpace, and th~ 
density of the juice. The general procedure in the entrajnnlell 
tests was much the same as in the heat transmission tests alrea~Y 
described-in fact; practically all of the observations taken 1~ 
the heat transmission. tests were also taken in the entrainJJlell 
tests. In addition to these, the liquor eaught in the separat?r 
was removed and weighed and its density determined with a ]3n~ 
spinilJe. Continuous ::;amples of the condensed vapors discharge 
1 ha· from the vacuum pump S were also collected and the a P . 
napbthol test applied for detecting the presence of sugar. .As 1~ 
we.11 known, this test is only qualitative and it had been intende 
to make quantitative tests, thou'gh this was never found necess~ 
r lU for the reason that the alpha-naphthol t est showed no suga 
nearly every case, even in tests where large quantities of sug~ 
liquor were being caught in the separator. In some of the teS 
the entrainment was removed from the separator once ever"! fh': 
minutes, while in others it was removed at the end of the teS
9 
after the vacuum had been broken. The entrainment tests ~e~ 
made ~ith three calandrias-viz., the calandria wit~ tu~tb 
1%" x 24" and a downtake (Figure 6), the calandr1a '\\'l 
1%" x 24" tubes without a downtake (Figure 5), and the cala:~ 
dria with tubes 2" x 48" (Figure 7). With each of these t 
vertical distance from the upper tube plate to the exit vapor 
pipe was ten feet. The velocity of the vapors ]n the vapor spac~ 
was calculated by multiplying the weight of water evapora~e r 
per hour by the speei:fie volume of the vapor at the vacuUJ'.ll.un 8 t 
which the boiling took place (from steam tables) in cubic f:e 
and dividing this product by the area of the cross section of 
evaporator in square feet. 
DOWNTAKE CALANDRIA-TUBES 1%" X 24" .. 
The data bearing upon entrainment for the tests on th~ 
calandria are given in Table 8. It will be noted that the rate 0
8 
boiling (column 8) varied from 4.45 to 23.25 pounds per s~u;.:_ 
foot per hour. Also that the three different heads were carrie 
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'1iz., 12" 16" is r 1 . ' • and 26"
. .As the volume of one pound of steam 
lllade ati:ely large under low press~es, some of the tests were 
tests e 6with
 hig.h vacuum: (low pressure) in the evaporator (see 
hf th ~ t.o 67 inclusive) . It will be noted also that the density 
fort e JUlce being boiled varied within rather wide 
limits. Un-
not ~natel~ the density of the juice taken from the separator was 
tn.e t ~ternuned, hence observations as to the· amount of entrain-con~ ·in t~ese tests will have to be based entirely upon the data 
frotn. 
1~d m column 9 of the table. .As there was some radiation 
It lll t e separator itself, there was some vapor conden
sed in it. 
in t a~ be assumed that for this reason there was no entrainment 
entres. s 651 66, 69, 64, and 67 and 68 doubtful. Th
e maximum 
Withainment-27.5 lbs. of juice per hour, test 71-took place 
juice ~n evaporation of 17.6 lbs. per square foot per hour and a 
gag \ead of 26"-tbat is with the juice level, as shown in the 
llla:x.1 g ass, 2" above the upper tube plate. The tw
o tests with 
of 23~lll:n. rates of evaporation-viz., tests 60 and 63, with rates 
low i2~, and 23 lbs. respectively (but where the juice level was 
it ~ill b )-the juice entrained was 5.6 lbs. and 7.5 lbs., which, 
abov e noted, is considerably lower than the maxi
mum named 
foic &:-~hat is, there was more than three times as much entrained 
e :with an · 
'th 
rates f evaporat10n rate .of 17.6 lbs. than the
re was wi 
inclu ? 23 lbs. on account of the hicth J·uice level. Tests 59-62 S!Ve . o 
of 7.B lbs' wi~h .about 6'~ pres ure in the.calandria, gave an aver~ge 
rate f · of Juice ntramed per hour, with an average
 eYaporation 
tests 
0 lS .6 lbs. per square foot per hour. In view of o
ther 
JUice ~ade su.bsequently, it is probable that the density of the 
llenc r~m the separator would average not over, say, 6 Brix. 
""""' . 4~ 6t e average weight of sugar entrained would be. 7.6 X .06 
sider ~ounds per hour. For the sake o.f comparison, con-
about ~single body of a 10' standard effect which would have 
tillles thooo. sq~are feet of heating surface, an area of about 60 
entra. at in the experimental evaporator. This w
ould give an 
n1ment f 45 
. . 
the 10, b 
0 
· 6 X 60 = 27 .3 pounds of sugar per hour m 
there ody. Gonsider also tests 62, 65, 69, and 6
4, in which 
froin t~as Probably no entrainment. The average liquor taken 
a-vera e separator per hour was .2.3 lbs. and the co
rresponding 
ge rat · 
· e of evaporation was 11 lbs. per sq. ft. per hou
r . . The 
62 
data contained' in this series of tests is somewhat indefinite for 
the reason that the density of the juice from the separator was 
not determined, making it impossible to estimate accurately the 
sugar obtained. In all of these t ests there was absolutely no 
trace of sugar in the condensed vapors which passed through th~ 
separator, samples being obtained, to which the alpha-naphtha 
test was applied. 
T ABLE 8. 
E11trainme11t-Eva11orato1· 0. 
1 2 3 4 5 6 
.;§ 
" 
ui 
Cl bl! 
... ol ., 
'O 
"" 
'O c: en 
ol 
~ ... ui' 0 • ~ .. o.: i:i.'" ui 0 • 0 E~ ol~ .... ~::>1 r: z :>"" H ci.~ :>p.; uitti 'O ... ~~ E oi ol rn <> c: ~r.; ., ii;>-< ~~ ., !:-< >'"" ~ 
I 
58 ........ ·I + 5.942 2.99 16.65 12 78.5 
59 ......... + 6.01 5.4 <i 17. 20 12 207.0 
60 ..... .. .. + 5. 92 12.02 36 .90 12 425.0 
61 .... . .... + 5.9 55 7.9 17 .60 12 235.0 
62 ......... + 6.194 11.74 35.15 12 368.0 
65 . ........ -13.44 23.50 31.80 
I 
12 550.0 
66 .. .... . .. - 15.06 24.48 22.50 16 250.0 
68 ........ . - 12.24 21.70 36.40 16 700.0 
70 ........ . -12.967 t2. 60 41.5 I 26 735 71 .... . ... . -12.455 22.62 36.4 26 625.0 
72 ......... -13.42 23.12 38 .5 26 415.0 
69 ...... ... -19.02 23.87 25.6 16 420.0 
67 .... . ... . -19.56 23 .815 22 .2 16 320.0 
64 . .... . ... 
- 9.86 22.38 39.18 12 815. 0 
63 ......... 
- .04 I 16.98 39.80 12 590 .0 
7 
bl! 
.s 
2-~ 
:.,r:o 
.... 
·- ., Ul C,) 
r: ·-
.,::i o·.-. 
I 
I 13.0 9.b 
I 6.8 
8.6 
6.3 
37 .7 
41.4 
29.4 
25.0 
24.6 
47.4 
36.4 
39.,0 
7.9 I 6.8 
s__i-
..s 
.... 
,;. 
Ul 
ui,,. e~ 
0 
·.cl ~ ... 
e: 
0 
.!J 
~~ 
:;$ :>., 
l'ili:>< ~ 
6.32 
15.2 
23 .25 
15.60 
20.40 
11.70 
4.45 
18.5 
17.6 
14 .9 
9.5 
8.3 
6.1 
19.9 
7,b 
9.4 
6.6 
7,6 
7,9 
}.& 
}.8 
4,6 
z1.5 
9.3 
5.3 
z.6 
4.1 
2.8 
7.6 
2a. o ~
. 24" 24" CAL.ANDRIA WITHOUT DOWN TAKE-TUBES 1%" X 
. en ill Data from the entrainment test on this calandria are giv 'tb 
T bl 9 Th t t . ~. A B d C-·W1 a e . .ese es s are m 1111ree groups- , , an t· 
rressures in calandria of about 15", 19", and atmo :pheric respe~r 
ively. In these tests the density of the juice from the separat f 
was determined carefully (see column 10) and the weight 0 
. d bO\Te, sugar calculated (column 11): In the manner explame ll• 10, the equivalent sugar that would be entrained in one body of 1.1.·det 
standard evaporator has been calculated (column 12). C<'11si 
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the test · · 
s lll group A of this table all of which were mad~ -r;nder COnd'f ' 
lb 1
 ions much alike. The average rate of evaporation was 18 
. s. Per sq. ft. per hour, and the average weight of sugar cn nght
 
ll1 the sep - t · d th ara or per hour was .46 lb. The eqmvalent los;; uu er 
e same conditions in one body of a standard 10' evap.wator 
lV.fOuld be 27.6 of sugar per hour. This i~ r elatively a small aY!J:ount 0 entrai . : f th nrnent and, m fact, no loss whatever was sustamed, or 
the reason ti1at the separator was very efficient. It will be noted
 
at the vel ·t f · · h" · th · 
'th oc1 Y o the vapors was hlaher mt is series an m
 
e1 er th B " 
of e or C groups. It is well known that in the last body 
P a multiple the v
elocity of the vapors is greater than that i:q 
recedin b d' . . h 
v g o ies on account of the greater specific volume of t 
e 
apors It h · ff t 
of th' ·. as been suspected _by some that the sweepmg e ~c 
rn 
1 ~ Increased velocity might result in increasing the ent~am­bye~ in that body, though this theory does not seem to be upheld 
e results of these tests. 
wa I~ the B group, Table 9, where the·vacuum in the vapor space 
..... s ll1 the neighborhood of 26" or over there was little entrain-
.,,ent · ' 
a.,. -in fact, so little as to be practically negl igible. The aver-
lt.,e ~ate of evaporation was about 10 lbs. per square foot per hour. 
Willb · 
the A. e noted also that the juice levels were about the same m 
the t and B Groups-that is, 16" to 24". The main difference in 
rat Wo groups was that the A group had a considerably greater
 
ac e of evaporation than the B group, and this undoubted 'y
 
counts f 
or the greater entrainment. 
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TABLE 9. 
Ent1·ainment-Evaporato1· B. 
1 2 3 4 5 6 7 8 9 
.s ai ,,; ...; ..; 
·c (J bo .... ~ 
"" 
<d 
"' 
bo P. ~ "" "" i:l °' "' a. Ul C1l llJ ~..; ... ::i .8·~ 0 • o! vi ... . .; ... E! 
"""' 0 E~ o1"' ... .s g_;:?J ~il1 :e g 0 ... z >~ P.~ o!. .~ "" ,>P., ·-., 
... uiu} c.)~ "" rJl(J ~~ "' llJ "'<l so! o! ~r.; i:i·- tJ C1l ~H ~H ~!':+ ~ "'"' &i "" ·;; 8 Q''"' ..... 
(A) 
I 
11 0 ... -16.4 25.5 45.3 16.0 
I 
1112 48.4 18.05 2.5 
112 ... -:-13.8 24.4 45.6 16 1073 ... . 19.3 6.3 
116 ... -16.4 24.7 41.6 18 936 .... 16.8 1.9 
117 ... -15.4 24.8 43.5 20 1030 41.6 18.3 2.6 
118 ... - 15.4 24.7 43.2 24 1008 37.5 18.0 4.25 
(B) 
I 
111 ... -18.9 26.3 36.0 16.0 863 47.3 12.10 .6 
113 ... -20.9 26.5 31.4 16 654 53.7 8.67 1.7 
114 ... -20.9 26.6 30.8 18 603 50.5 7.85 .8 
115 . .. -18.9 26 .1 35.6 18 857 43.2 12.2 .9 
119 . .. -19.0 25.9 32.0 24 281 43:2 9.99 .6 
(C) 
I I I 
120 ... 
-
.1 17.4 49.6 16 45 3 8.8 30.21 108.8 
107 . .. 
-
.11 16.6 39.5 i6 425 35.7 19.0 4.0 
108 . . . 
-
.11 17.3 48.2 16 562 30.8 25.0 4.0 
109 ... .- .14 16.2 44.0 20 517 20.3 21.8 208.0 
121. .. .0 15.0 39.7 16 45 2 9.3 21.3 3.8 
122 ... .0 16.5 47.1 16 577 9.4 26.2 12.7 
12 3 ... + .29 16.5 44.0 12 583 12.9 27.1 4.2 
124 ... 
- .1 16.0 41.1 24.5 331 10.0 13.8 600.0 
125 ... + 1.1 16 .2 44.7 16 538 20.0 24.4 198.0 
126 . .. + .OS 12.4 31.0 16 346 20.0 18.9 5.2 
127 ... .0 13.9 37.6 16 447 17 22.4 41.7 
128 . .. 
- .05 9.6 20.1 16 .198 22.0 12.4 5.1 
129 ... .o 7.3 12.91 16 110 24 7.9 5.1 
10 
8 
0 
... 
.... 
C1l (J 
:§,.~ 
>, ... 
• ;<;!P< 
~ :-. 
"'"' Q~
23 
12.8 
11 
15 
11.2 
11 
3.4 
. 2.2 
1.4 
8.2 
8 
.. .. . 
.. ... 
..... 
1.6 
7.8 
1.7 
5.7 
14.76 
4.2 
13.3 
S.3 
.. .. . 
P. 
C1l 
"' E! 
0 
... 
"" bi! 
;;i ... 
::l 
...;o 
~.; 
. 6 so . 
•O 
.8 
•·' .13 
.2 10 
56 21.• 
·::i---
----• . 06 
.06 
.02 
.01 
s 
1 
·' ,.. 
,06. 
_":L----"' 
8.6 .a.a 
.. 
.... 
····· 2.s.s6'.i' ..... 
44.7 
,of 
,06 
ss 
.6.6 
'·' .11 6 0 34.26 171 • 
29.3 1465·• 
21 10.I 
. 8' 2 1'1 10. 
'10 . 5,0 
.. ~ 
. ol' 
In the C group all of the tests were made with abou~ atll1b1' 
pheric pressure in the calandria, though there was cons1dera 1J)IJ 
variation in the temperature fall, due to varying the vacu ~ 
in the vapor space. Tests 109, 120, 124, and 125 show g~. 
~ntr~inment, and it is intere~tin~ to note the conditions atte:i,. 
mg 1t. The rate of evaporation m test 124 appeared to be .0 'al 
13.8 (column 8), though there must have been error in the. J~ 
weight. This may be seen from the fact that the pressure lll 
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caland · f · 
t ria or thi test was about the same as in the other three 
ests rnenf d 41.l i~ne and that the temperature fall (column 4) was 
of '. on ly slightly less than in the e tests. Judged from this point 
r t:iew, it would seem, therefore that the correct rate of evapo-
a ion mu th . ' 
8 s ave been in the neighborhood of 24. 
The av.erage 
a~ga1• caught per hour in the separator in these four tests was 
twout 3o lbs., with an average rate of evaporation of 25.· In 
w 
0 
of these tests (120 and 124) the density of the boiling juice 
as very lo ( 1 · d · t i fi w co umn 7), even lower than is usually carrie m 
gle rst body. In t ests 109 and 125 the densit
y was somewhat 
l'eater (ab t 2 d Wh' J . ou 0 Brix), though not nearly that in the last bo y, 
le 
1 ~ ~ is usually 50 Brix or over. The disadvantage of high juice 
( Ve 
18 
clearly shown in test 124 where the rate of evaporation 
see abov ) ' 
With r ~ · was even lower than in a number of othe• tests, 
g P acticaUy no entrainment but where the entra inm
ent was 
reat d ' 
in th' ue, no doubt, to the head of 24.5", which was higher than 
ev e otl~er tests. With the exception of test 120, the rate of 
aporatio f . · · 
ra.ent n ° 27.l rn te ·t 123 was the highe t, though the entram-
he 1 Was Practically nothing. This is doubtless due to the low 
act of 12" ( Wh cohunn 5). In tests 107, 108, 121, 123, and 126, 
ose avera · · hei 1 ge rate of evaporation w
as 22.3 and whose average 
g1t of b 'l' . · 
nient . 01 mg was about 15", there was practically no entram-
rat · This should give some idea as to the maximum limit of the 
' e of ev . 
the aporat10n without entrrunment. It will be noted that 
vapor vel ' t· · t Wer oci ies, even with the tests having great entrammen , 
have v~ry small. This would seem to indicate that vapor velocities 
e little to d · · · f h · b T foice . o with entrainment. The density o t e 01 mg 
entr . varied between rather wide limits, though the maximum evei·a~nrnent o ·curred with relatively · low densities. This, how-
den ' .. 0 es not necessarily show that entrainment accompanies low 
sities :f th . . . k d 
otli ' or e r eason that the tests with high densities lac e 
er conct·t· i ions essential to entrainment. 
48" OA.L1~NDRIA-TUBES 2" x 48". 
The test · 
to 155 . s ~n this calandria for entrainment comprise tests 148 
'I'abl inclusrve, the important data from which are given in 
Pres e 
10
·. All of the e tests were made with about atmospheric 
sure in tl 1 . . . le ca andna, though the vacuum was varied so as to 
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give temperature falls varying from 20.3° to ]2.2° (column 4)· 
The tests having most entrainment were 148, 150, and 152, with 
an average entrainment of 24.3 pounds of sugar per hour, an 
6'' average rate of evapoi-ation of 12.4,and an avb1·age head of 2 f 
It is plain that entr ainment takes place with much lower rates 0 
evaporation with the 2" x 48" tub s than with tubes 1%" x 24"· 
In Table 9, as pointed out above, the average r1:J,te of evaporation 
of several tests without entrainment was 22.3, whereas, with the 
48" tubes, we find 1ieavy entrainment with an evaporation rate 
· for of only 12.4. In Table 10 the average rate of evaporation d 
tlie tests having no entrainment was only 7.8, the average he9 
being 26". The maximum limit of the rate of evaporation withoU~ 
entrainment is perhaps shown better, however, by tests 149 an 
151, where there was. some little entrainment and where the 
rate of evaporation was 9.4. In test 155 there was considerable 
entrainment, with an evaporation rate of only 6.7 pounds, ~h: 
entrainment at this low rate being due, no doubt, to the hig, 
. 48' juice head of 26". The reason for entrainment with the 2" x 
. ~ "S tubes at rates of evaporation so much less than with the l 1s 
24" tubes is probably -as explained on page 12. 
T ABLE 10. 
FJntrainmen t-J!lva1101·ator D. 
1 2 3 4 F> 6 . 7 8 9 10 
l·t ... ,,; ..; E E E ~ .:~ 0 . ..... lib-" 0 P. ... bl) 0 0 0 ojQJ ., ... ... 
<!:: ~ ~~od .'0 >~ 'O 0- ........ ..... c: 
• p.~ d Ill .,;:i ., ... 0 
~...: i::,,; Ill .; "0 " ~.c: ..., p. ~ ., 
·- c: 3 .c: .... Ii .... :g~ ·-1< ~3!, '=' • ;:i._ ::i ... 0 ., H (.) ~~ d;:i •r-:r-. .'.'.'.~ E~ E -
·= 
>o ., ~i:Q . .. ~ z ..... P. 
.,,; ::i "' P.,t >p.; "'.<:: 0 0 .::g. $ 
::i ~ 
'° 
'iii: 
.... me: E oi d .... .ci. c: P. .._jg. ::i ~"' Ill 
"' '"' 
"P. 
"' "" 
~r.; ,,, ., .... ., . ., $ ........ "' it· ~Ill ;3 P. i:'.:"' !'.!:"' .... ..... :i:: o"' 
148 ..... \ o.o \ 9.6 I 
149..... 0.0 .1 ~~:;\ ;! I ~;; \ 11:! 4\ 14~:~7 \ l~:~l 16:d 63!·: 
83 I 13.15 188.7 I 9.2 ·11.36 69 ~·s 
10 10 .38 3.6 1.9 .o7 ~·0 
50 12.30 311.4 
1 
14. 3 39 .5 15s 0·0 
16 I 6.10 5.0 I 0.0 o.o o:o 
34 6. 5 5.251 0.0 0.0 Sl 6 
3_o-'-l~6-.7_0_,__~1~_._5_,_~6-.o-'--~·-7~ 
150 ..... 0.0 8.18 18 .8 24 ! 2 151 . .... 0.0 7.9 15.4 J S 2 
152 . .... 0.0 7.88 17.8 30 2 
1 63 .... . .02 7.63 J 2.2 
1511 J 5.4 ..... .02 6.34 13.7 24 1 
155 .. .. . .06 6.69 14.0 36 1 
•Above atmospheric pr ssu re. 
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TYPES OF SEPAR.A.TORS. 
s Plans have been made to experiment with several types of 
eparator th · 
17) s, ough as yet only the Swartwout separator (Fig
ure 
has been used. As already stated its efficiency ·was very . great · ' · 
0 - in fact, sugar was detected in the cond
ensed vapors only 
nee, and t hat only a trace in one of the tests" where juice was 
caught i th 
r· · . n e ~eparator at a rate of 600 pounds per hou!-"· The ~ ~~lple- of centrifugal separati9n of liquid from steam, in the 
brnnion of the writer, is good and this 
seems to be borne out 
Y the 1 . ' · 
. . . resu ts of these experiments. 
LO$S OF PRESSURE IN THE SEPARATOR. 
In th . 
reall e y ast_ many of the separators or catchalls that were 
r . y efficient m separating liquid from vapo1· offered so much 
es1stanc t 
su e 0 the :flow of vapors as to materiallv r educe the pres-
re of th · · h 
n e vapor, thus decreasing the temperature fall m t e 
e.x:t body d · · · · d t 
d t , an m tlus manner reducrng
 capacity. In or er o 
e errnin . . 
te t e. the loss of pressure in the 
separator used m these 
s s th 
'l' e water manometer z (Figure 3) was connected as shown. ~ l~ . 
th· was made especially to determine the pressure drop m 18 
separat · bl or . The results are shown in the accompanymg ta e. 
------
LOBB of PresBure in Separator. 
.::: 6. 
II) ... II) 
<I) 
... 
"' 
... "'"' 0 
"" 
0 
"' 8..: "" g..; 
.:.a 
ol ci. -u 
.. 
"'"" 
m.S 
"' 
ol 
.s~ ... ;..; b'P.::S II) 0 .,e 0 • _ ... ... 
~uj ... ·-""' . 0"' ci. ., ~ g 8,P.. ui~~ 
-- it~ e ..... 1:i ~E O)ol. ~~~ ., >"'"" 
--
... 
p., 
-10.0. I 
-10.0 . . . ...... . ·1 136 18 4600 0.3 
~ 147 25 4900 0.4 161 56 7940 0.5 
'l'he vel · 11 desig d ocitY-7940 F. P. l\'L-is not far from that usua Y 
Pre . ne for by the manufacturers of evaporators. The loss of 
ssure of 5" . 
too · of water corresponding to .037" of mercury, 1s 
srnan to . ' . 
ing t . be considered. The rate of evaporation correspond-
o this ""' · · a n•a.x:1mum velocity was about 45 poun s per square 
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foot of ·heating surface per hour, which is much greater than 
was developed in the ntrainment te ·ts given above. In otJ~er 
words, the 10" pipe and the 10" s parator were of liberal ~ize 
for the evaporator, the maximum velocity in the vapor pipe 
being 4450 F. P. l\.'.L in test 110. The vapor velocities in 111os; 
of the tes ts where there was entrainment was less than half 0 
this. The liberal size of separator may, and probably does, 
account in part for the exceUent s110wing made by the separator. 
Other types of separators will be tried out a opportunity affords. 
SUM:MARY OF RESULTS. 
TIE AT TRANSMJ SJON. 
H eight of Boiling.-All of the "juice head" tests were rnade 
with water instead of juice. · · 
With tubes 1%" x 24" it was found that the maximum evaP· 
orating capacity was obtained when the level d the juice tn t~e 
gage gla s was maintained at about one-third the length of t e 
tubes above the lower tube plate and that either higher or lower 
levels than this gave lower capacity. 4,, With th ese tubes, the evaporation with the juice level 2 d 
. .,,,., all 
abo'le the lower tube plate was about 50'% of ~he max1mlJ..L'• 
2 4 the loss in evaporation due to hydrostatic head was about · 
time the theoretical loss. · 
9 With tubes 2" x 4 " the maximum evaporative capacity ,~ad 
also obtained with the juice level from one-fourth to one-thir 
the length of the tubes above the lower tube plate. the 
With the juice level 54" above the lower tube plate f 
heat tran missi n with the 2" x 48" tubes was in one series 0 
tests 44.7 o and in another series 42% below that with the tends 
giving the maximum. . 
. 
. ~~ In the tests on the 2" x 48" tubes the loss due to ~ hy be 
static head of 54" in one series was found tci be 0.9 t nncs t 8 
the retical, while in anoth r series, with the same head and 9 'JJJC 
much higher rate of evaporation , the loss wa. about 1.9 ti 
the th eoretical loss. 
In all of the juice head test the lo s in capacity due to i~: 
creasing tbe height of boiling above that which gave the Jllai 
• 
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'inu111 resui t d . . 
of h e m lo s of capacity directly proportional to increase 
; .d' Which was shown by a straight line in a coordinate field. 
ca :th heads lower than tho e giving the maximum evaporative 
8 · Pacity there was a rapid decreas
e in capacity and a slight 
up~rb eating of the vapors from the boiling liquid. 
""tl emperature Levels.-It was found that the heat transmitted 
rv] l a . 
" . glven temperature fall other conditions being equal, 
•a:ried · ' 
1 with the temperature level. In other wo
rds, with a given 
ernperat f · hi 1 ure a11, a greater tra
n mission of l:eat resulted w1th 
811g
1 ~tearn pres ure in the calandr.ia than with low steam pres-
r e 111 t11e cal andria. 
With in h stearn at an absolute pres ure of 9.74 pounds per square 
..,: . and a temperature of 192° the coeffici nt of heat trans-
....,,1ss1011 r ' 
Po d '~as only 0.66 of that at an absolute pressure of 18.6 
we: s P:r square inch and temperature 22.J. 
0
• These results 
ih obta1ned > hen boiling water instead of juice and r epresent 
e corn bined ff . . . 
of . . e ect of the ch nges m team. density aud quant1ty 
air Jn ste 
'I'h am accompanying changes of temperature level. 
hod c average coefficient of heat tran mission in the second 
.66;, of a double effect would, according to 
these data, be about 
anci otbof that in the first body, provided water is being boiled 
· . e. heating sarface is clean. · · . 
A.ii· in tz LI . · . 
the 1 ie eating Steain.-
Th temperature of the steam in 
ca :-tndr' d in.g t ia was often found to be lower than that correspon -
va· . 
0 ~aturatcd steam at the pr sure. The temperature also 
ricd in d 'ff . . . 
'attrib . 1 erent portions of the calandria, both of which are 
. ,.,,b~ted to th presen e of air with the steam . 
.1. is d'f[ 
corr l er n e between the actual temperature and that 
espondi ~ · · h 
speed . ng to the saturated steam pressure varied with t e 
in. ti of the condcn ate pump; also with the amount of vacuum le cala d · 
'With c n ria, b ing greater with increased vacuum and zero 
· · 'rJPre~surc in the calandria above that of the atmosphere. 
· 
10 eva · foot of c poi·ation changed from 19 to 4 pounds per square 
i.:.. c 1 heating surface per hour due
 to chanofog the air pressure 
" a and · ' 
'the g r1a from 0" to ", the pre ure difference as shown by 
su"e afg s, being the same in all of the te ts. · A partial air pres~ 
• 0 l" f 
· 
0 mercury ·reduced the evaporation 27%. 
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The loss in heat transmission due to air is composed of t\fO 
portions-viz., decrease of temperature fall and decrease of th9 
transmission coefficient. 
With a partial air pressure of 611 of mercury the temperature 
fall was 17°, whereas, with no air present, it was 35°, changes ~ 
temperature fall being inversely proportional to the partial s.i1' 
pressure, the variation being shown by a straight line in a co-
ordinate field. 
Density of Steam.-The coefficient of heat transmission waJ 
always greater with high than with low densities of steail'.l· 
De11sity of the Boiling Liquid.-The coefficient of heat tr~ 
mission was fQund to decrease in direct proportion as the densit1 
<>£°the juice was increased, the variation being .represented bY a 
straight line in _a ooordinate field. "th 
The coefficients of heat transmission with water and Vil 
juice having a density of 50 Brix were as 1 : 0.8. ed 
Sup 1·heated vs. Moist or Saturated Steam·.-The tests shO~" 
. JiJ>e that the coefficient of heat transmission was not affected by di· 
quality of the steam and that superheated steam, other con.th 
tions being equal, gave the same coefficient as that obtained "Vilt& 
moist or saturated steam. This was shown by two series of tes * 
Value of Downtakes.-Tests on two calandrias, alike eic:9 that one had and the other had not a downtake, showed that · 
coefficient of heat transmission w.as 20% greater in the do¢1" 
take calandria. . · tak' 
The . net increase .i~ evaporative capacity of the d~Wll fot 
calandna over that without a downtake, after accounting 
the reduced heating surface in the downtake calaudria, was 1~:, 
It is likely that this increase of the transmission coe:ffici 
is due to the improved circu1ation due to the downtake. 'th 
Dimensions of Tub es.-Tests upon two calandrias, one "Vil to 
tubes 1%" x 24" and the other with tubes 2" x 48", seelll tll8 . 
show that the coefficient of heat transmission was about 
same in both. 
·d 
Th 48" tube probably has the advantage of more .ra~~ 
circulation than the 24" tube, while, on the other hand, it 
·uice the disadvantage of having to be operated with greater J . g 
head; perhaps al o with greater water flooding of the heatill 
surface. 
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ENTRAINMENT. 
WatEntrainm~nt was found to vary mainly with the weight of 
(rater evaporated per squa:i:e foot of heating .surface per hour 
dini e ~f evaporation) with the height of boiling and with the 
ens1ons of th h . w· e eatmg tubes. . 
at th ith the downtake calandria the maximum entrainment was 
rate ~fratQ of 27.5 pounds of juice per hour, with an evaporation 
. 
17
·6 and a juice head of 26". . 
W1th lo h d . · tain d . w ea s (12") evaporat10n r ates of 23 were mam-~· Wtth practically no entrainment. 
in th Ith the 2411 calandria without a downtake ·the sugar caught 
!\er· e separator varied from O to 44.7 lbs. :per hour. In one 
. ies, Wh , h . 
Wei b er.e t e average rate of evaporation was ·18, the average 
g t of sug · din to 27 6 ar entrame
d was .46 lbs. per hour, correspon g 
bein · lbs. Per hour in one body of a 10' standard, the head 
g 16" to 2411 
With tl . ·. . . . 
a"er le same calandria anothet series of tests, with an 
gav age evaporation rate of 10 lbs. and with heads of 16" to 24
11
, 
e no en trainmen· t 
1'h . 
e :rnaximu · ) · h hi ealand . rn entramment (average of .four tests wit t s 
tion fria was 30 lbs. per hour, with an average rate of evapora-
o 25 . 
evapor . .and an average juice head of 19". In one tes t an 
This atlon rate of 27 was maintained without entrainment. 
Was du t h Th e o t e low head of 12". · 
'With e inaximum evaporation rate possible with this calandria 
out entr · · 
of fiv ainrnent is probably about 22 this being the average 
e tests i h · ' · Th ' n w 1ch there was no entrainment. 
e maximum · · d · h · b 2" x 48,, · entram.ment with th
e calan ria avmg tu es 
ration Was 24.3 lbs. of sugar per hour, with an average evapo-
avera rate of 12.4 and an ave1·age .head of 26
11
, this being the 
"' ge of three tests . 
.i.he avel'a . . 
e-vap01, 'ge evRporation rate of a nu
mber of te ts on tlus 
h ator all of · l · h 
· · · 
b t · 
"' ich th ' w nc were nea,r the e trammg pomt, u m 
ere · 
Th . was actually no entrainment, was 7. . ; Us lt 
he fo seems that the calandria with tubes 211
 x 48" cannot 
reed to 1%11 x 24,, more. than half the rate that is possible
 with 
tubes without entrainment. 
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. By keeping the juice level low r elatively large capacities are 
possible in either -type of calan~ria without entrainment. . of 
Neither the vacuum in the vapor space nor the velocity 
vapors in the vapor space seem to affec·t entrainment to an1 
mea urable extent. . 
The tests do not .furnish data r egarding tl1e effect of juiCB 
density upon entrainment. I.f entrai nment is influenced bf 
density at all it is pr obably in the .fact that the greater tbe 
den ity of the boiling juice the gr eater the density of the juie: 
caught in the separ ator and, ther efo1·e, the greater the a01oUll 
of sugar. 
The separator· u ·ed was very efficient, a slight trac~ of sugar 
being shown in the condensed vapors in only one test. 
In all other test , even where large quantit ies of juice w:: 
caught in the separator , no t race of sugar was shown by 
alpha-naphthal t est. . 
The los of pressure due to the . .friction o.f the vap~rs j 
pas ing through the separator was 0.5" water, with a :velocity 
7940 F. P. 1\'L, an amount practically negligible. 
FUTURE EXPERIMEN'l'S. 
The apparatus u ed in these ex_per irnents will be used in wor: 
ing out other problems. Especial attention wi ll be devoted r 
th effi ciency o.f different devi ces u&ecl .for removing air and otb~ 
in ondensible gases .from the calandria. F ur th er work will 8 
carried on to determine the factors responsible for the decrca~!l 
of heat transmi sion with increased juice densitic as shown. 1tl 
Fig. 15. Particular att ntion will be given to th e dcterrninat~o g 
o.f the boiling temperatures of sugar solutions with varyint9 
densities unclcr varying vacuums (see page 9) . Expcrirne~tb 
will be made with varying types of ''catchalls, '' also wi 
inclined heating tubes. 
